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Crack sealing is a common pavement maintenance treatment because it 
extends pavement service life.  However, crack sealant often fails prematurely 
due to a loss of adhesion.  Since current test methods are mostly empirical and 
only provide a qualitative measure of bond strength, they cannot predict sealant 
adhesive failure accurately.  Hence, there is an urgent need for test methods 
based on bituminous sealant rheology that can better predict sealant field 
performance.  This study introduces three laboratory tests aimed to assess the 
bond property of hot-poured crack sealant to pavement crack walls.  The three 
tests are designed to serve the respective needs of producers, engineers, and 
researchers.  The first test implements the principle of surface energy to measure 
the thermodynamic work of adhesion, which is the energy spent in separating the 
two materials at the interface.  The work of adhesion is reported as a measure of 
material compatibility at an interface.  The second test is a direct adhesion test, a 
mechanical test which is designed to closely resemble both the installation 
process and the crack expansion due to thermal loading.  This test uses the 
Direct Tension Test (DTT) device.  The principle of the test is to apply a tensile 
force to detach the sealant from its aggregate counterpart.  The maximum load, 
Pmax, and the energy to separation, E, are calculated and reported to indicate 
interface bonding.  The third test implements the principles of fracture mechanics 
in a pressurized circular blister test.  The apparatus is specifically designed to 
conduct the test for bituminous crack sealant, asphalt binder, or other bitumen-
based materials.  In this test, a fluid is injected at a constant rate at the interface 
between the substrate (aggregate or a standard material) and the adhesive 
(crack sealant) to create a blister.  The fluid pressure and blister height are 
measured as functions of time; the data is used to calculate Interfacial Fracture 
Energy (IFE), which is a fundamental property that can be used to predict 
adhesion.  The stable interface debonding process makes this test attractive.  
This test also may be used to estimate the optimum annealing time, and to 
quantify other interface characteristics, such as the moisture susceptibility of a 
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bond.  In addition, the elastic modulus of the sealant and its residual stresses can 
be determined analytically.   
While the direct adhesion test is proposed as part of newly-developed 
performance-based guidelines for the selection of hot-poured crack sealant, the 
blister test may be used to estimate the optimum annealing time, in addition to 
IFE determination.   
 iv
Acknowledgments 
This project would not have been possible without the support of many 
people.  I owe my gratitude to my parents and numerous friends who encouraged 
me through this long process, always offering support and love.  Their presence 
made this dissertation possible, and because of them my graduate experience 
turned out to be a memory I will cherish forever.  
 
My deepest gratitude is to my advisor, Dr. Imad Al-Qadi.  I have been 
extremely fortunate to have him as my advisor and my friend.  As an advisor, he 
gave me courage to explore different thoughts, while holding me to high 
standards in research and in documenting the research outcomes.  As a friend, 
he helped me get through the hardships of graduate life.  He taught me how to 
criticize and how to understand the criticism of others.  His support at both the 
professional and the personal level has been invaluable.  
 
I am also indebted to my doctoral committee for their valuable comments 
on technical details of the work, and for their commitment and patience during 
our long discussion. 
 
I am grateful to Dr. Lynn Penn for her encouragement and practical advice.  
I am also thankful to Dr. J-F. Masson and Dr. Ernie Bastian for providing me with 
insights in chemistry that helped me interpret some of the test data.  
 
I appreciate the financial support from the Federal Highway Administration 
and the Canada-US Crack Sealant Consortium that funded the work presented in 
this dissertation.  
 
Finally, the acknowledgments would not be complete without heartfelt 
thanks to Mahour M. Parast, who supported me during difficult times, and to 
Karen Harrison and Dave Kibbey, who were always there to help. 
 v
Table of Contents 
Chapter 1  Introduction ......................................................................................... 1 
1.1 Background ............................................................................................ 1 
1.2 Objectives .............................................................................................. 3 
1.3 Research Approach................................................................................ 3 
1.4 Research Scope..................................................................................... 5 
 
Chapter 2  Current State of Knowledge................................................................ 7 
2.1 Aggregate Properties ............................................................................. 7 
2.2 Sealant Characteristics .......................................................................... 8 
2.3 Sealant-Aggregate Adhesion Characteristics......................................... 9 
2.3.1 Surface Energy Approach................................................................. 9 
2.3.2 Direct Tension Approach ................................................................ 17 
2.3.3 Fracture Mechanics Approach ........................................................ 18 
2.4 Summary.............................................................................................. 25 
 
Chapter 3  Material Characteristics .................................................................... 26 
3.1 Aggregate............................................................................................. 26 
3.2 Sealant ................................................................................................. 27 
3.2.1 Molecular Weight ............................................................................ 28 
3.2.2 Glass Transition Temperature ........................................................ 29 
3.2.3 Coefficient of Thermal Expansion ................................................... 32 
 
Chapter 4  Test Development Program .............................................................. 34 
4.1 Introduction .......................................................................................... 34 
4.2 Substrate Selection .............................................................................. 35 
4.3 Surface Energy Method........................................................................ 41 
4.3.1 Test Procedure ............................................................................... 41 
4.3.2 Summary ........................................................................................ 42 
4.4 Direct Adhesion Method ....................................................................... 44 
4.4.1 Test Procedure ............................................................................... 45 
4.4.2 Effect of Aging on Bond Properties ................................................. 48 
4.4.3 Refining Procedures for Test Repeatability..................................... 49 
4.4.4 Variation between Sealants ............................................................ 51 
4.4.5 Variation within Laboratories........................................................... 58 
4.4.6 Variation of the Pmax and Energy with Substrates ........................... 59 
4.4.7 Summary ........................................................................................ 60 
4.5 Blister Test Method .............................................................................. 61 
4.5.1 Test Procedure ............................................................................... 61 
4.5.2 Feasibility Evaluation ...................................................................... 65 
4.5.3 Analysis Approach .......................................................................... 74 
4.5.4 Test Repeatability ........................................................................... 89 
4.5.5 Finite Element Modeling for a Stationary Crack.............................. 91 
4.5.6 Summary ........................................................................................ 96 
 
 vi
Chapter 5  Effect of Test Parameters on Interfacial Bonding.............................. 97 
5.1 Effect of Sealant Viscosity on Interfacial Bonding ................................ 97 
5.1.1 Establishing A Test Method for Viscosity Measurement ................. 98 
5.1.2 Variation of Viscosity with Temperature........................................ 104 
5.2 Effect of Aging.................................................................................... 112 
5.2.1 Variation within Laboratories......................................................... 115 
5.3 Effect of Annealing Time on Adhesion ............................................... 118 
5.4 Effect of Temperature and Loading Rate on Adhesion ...................... 119 
5.5 Summary............................................................................................ 126 
 
Chapter 6  Field and Laboratory Comparison................................................... 128 
 
Chapter 7  Conclusions and Recommendations............................................... 132 
7.1 Findings.............................................................................................. 133 
7.2 Conclusions........................................................................................ 134 
7.3 Recommendations ............................................................................. 135 
 
References ....................................................................................................... 137 
 
Appendix A ....................................................................................................... 147 
        Direct Adhesion Test Method for Measuring Adhesion 
        of Hot-poured Crack Sealant Using a Direct Tensile Tester 
 
Appendix B ....................................................................................................... 159 
     Blister Test Method for Measuring Interfacial Fracture Energy 
     of Hot-poured Crack Sealant 
 
Appendix C....................................................................................................... 175 
     Test Method for Apparent Viscosity of Hot-poured Crack Sealant 
     Using A Brookfield Rotational Viscometer RV Series Instrument 
 
Author’s Biography ........................................................................................... 183 
 
  1
1. Chapter 1  
Introduction 
The purpose of this chapter is to provide background for the study, to 
address the significance of the study, and to present the research problem.  
1.1 Background 
Cracks are an inevitable defect in pavements.  Sealing the cracks 
prevents water and debris from entering the pavement structure and causing 
further deterioration.  A common sealing material is hot-poured bituminous-based 
sealant, which is composed of bitumen, styrene-butadiene copolymer, and filler.  
The styrene-butadiene (SB) copolymer consists of linked blocks of polystyrene 
(PS) and polybutadiene (PB).  The fillers may include ground-tire rubber, mineral 
filler, or both.  The high variation in bitumen sources, refining processes, polymer 
content, and filler type significantly affects the chemical composition of a sealant 
and consequently its rheological properties.  In addition, a sealant encounters 
various environmental and traffic loading conditions during its service life.  These 
factors, along with factors such as time, temperature, loading rate, loading path 
(cyclic, with or without rest period), aging, moisture, physical hardening, 
contamination, steric hardening, degradation of surrounding material, microbial 
action, hydraulic scour, load transfer efficiency, creep of sealant underneath the 
backer rod (in concrete slab joints), and trapped moisture and air bubbles during 
installation make it even more challenging to predict sealant field performance.  
While this study is not aiming to simulate field conditions, it attempts to develop 
laboratory test methods capable of measuring parameters that correlate with field 
performance.  Having such tests, one can select sealants that have high potential 
of appropriate field performance.  In addition, having a standard test method to 
assess sealant performance, one can further study the effects of different field 
conditions on interface bonding.   
If a sealant performs well, crack sealing is a cost-effective maintenance 
treatment that can extend pavement service life substantially.  However, a crack 
sealant’s performance in the field cannot be predicted using the current test 
  2
method (ASTM D6690), which is empirical and only provides a qualitative 
assessment of a sealant’s performance.  In addition, the current standard test 
methods, including the current bond test, do not correlate with field performance 
(ASTM D5329).  Field inspection reports may show a particular sealant 
performed well at one site and failed at another site.  Hence, there is a need for 
testing methods based on sealant rheology that can predict a sealant’s field 
performance.  To address this shortcoming, this study is part of a comprehensive 
research project to develop performance-based guidelines for hot-poured crack 
sealant.  The guidelines are being developed cooperatively by a University of 
Illinois research team, which is investigating low-temperature performance, 
adhesion, and sealant characteristics at installation, and the National Research 
Council of Canada, which is examining high-temperature performance.  An 
important aspect of field performance is sealant adhesion, which is addressed in 
this work.  Adhesive failure, in which the sealant debonds from the crack walls, is 
the most common sealant failure mode.  After adhesive failure, although the 
detached sealant may remain in the crack, that sealant will no longer preserve 
pavement integrity.   
Adhesion is defined as the resistance against separation of two materials 
that are adhered together for a period of time at a specific temperature.  The 
adhesion phenomenon has been studied from both physical and chemical points 
of view to improve adhesive bonds and predict failures (Wu, 1982).  Adhesion is 
also an important parameter in many practical engineering applications, such as 
crack sealing.  One well-known adhesive is bitumen, the basic material of the 
asphalt industry.  Bitumen is the base of products such as polymer-modified 
binder, hot-poured and cold-poured crack sealants, and tack coats.  Fracture is 
one of the main causes of adhesion failure.  A fracture at the interface can be an 
irreversible entropy-creating process, through which a substantial amount of 
energy is dissipated.  Energy dissipation is related to the ability of the interface to 
transfer stress, and also to the adhesive’s plastic and viscoelastic deformation 
properties.  Since bituminous materials (particularly crack sealants) encounter 
temperature variations and a wide range of environmental and traffic loading 
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conditions during their service life, it is crucial to have a standard test method 
which can predict bond characteristics based on sealant rheology.  Such a test 
can be used to select a sealant which can develop an adequate bond to 
pavement crack walls.  
1.2 Objectives 
Since sealant adhesive failure is a common sealant failure mode, this 
study focuses on sealant adhesion.  The overall objective of this study is to 
develop a laboratory testing approach to evaluate the adhesion of crack sealant 
to aggregate at service temperatures ranging from -4ºC to -40ºC.  To achieve this 
goal, three laboratory tests are developed for use by adhesive producers, 
engineers, and researchers, respectively: 
¾ a surface energy approach 
¾ a direct tension approach 
¾ a fracture mechanics approach 
 
In addition, this study investigates the effect of installation conditions on sealant 
adhesion.  Installation conditions include the following parameters:  viscosity at 
installation, annealing time, annealing conditions, sealant temperature, and 
loading rate.   
1.3 Research Approach  
To address this study’s primary objectives, the hypothesis is that the tests 
listed below can evaluate interfacial bonding between various combinations of 
sealant and aggregate surfaces, and the test results can be used to differentiate 
among pairs of sealant and aggregate.   
• Surface energy test:   
A surface energy approach can be used to determine the compatibility 
of a sealant with a specific aggregate.  A sessile drop method can be 
utilized to measure the surface energy of each sealant and the contact 
angle corresponding to each sealant-aggregate pair.  The test results 
can be used to calculate the thermodynamic work of adhesion.  
Thermodynamic work of adhesion can serve as an indication of 
adhesion strength.   
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• Direct adhesion test:   
The maximum force and the energy required to break a sealant-
aggregate bond can serve as measures of adhesion.  A direct 
adhesion test method utilizing a Direct Tensile Tester (DTT) can be 
used.  The energy can be determined from the tensile force and the 
corresponding displacement required to detach the sealant from the 
aggregate.   
• Fracture mechanics test (blister test):  
The Interfacial Fracture Energy (IFE), a fundamental property of the 
interface, can be used to predict sealant-aggregate fracture.  The test 
can determine the modulus of the sealant as well.  The test can also 
be used to investigate the effects of sealant viscosity at pouring 
temperature, annealing time, annealing conditions, and loading rate on 
the IFE value.  
Adhesion is affected by sealant viscosity.  The fracture test may be used 
to examine the effect of sealant viscosity on adhesion.  Upon completion of this 
task, a threshold for sealant viscosity can be identified to ensure a successful 
installation and the development of a strong bond.  Due to lack of a standard test 
method to measure viscosity of crack sealant, such a test procedure has been 
developed as part of this research.  In addition, two other factors are investigated 
for their effect on adhesion characteristics: annealing time and conditions, and 
the interplay of sealant temperature and loading rate. 
Because of the high variability in aggregate, potential standard materials 
are investigated and ranked based on the similarity between their properties and 
those of aggregates.  Parameters to be considered in the ranking include surface 
energy, thermal coefficient of expansion/contraction, adsorption characteristics, 
surface roughness, resistance to low (≈-40ºC) and high (≈193ºC) temperatures, 
resistance to detergent and asphalt solvents (mineral spirits), and availability.  
Three aggregate types are used to provide a reliable benchmark when evaluating 
potential standard materials.  The experiment plan is illustrated in Figure 1-1.  
The objective of the experiment program is to provide the information needed to 
test the study hypotheses.   
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1.4 Research Scope  
Chapter 1 describes the needed research, study objectives, and 
hypotheses.  Chapter 2 is devoted to the current state of knowledge.  Testing 
approaches to measure adhesion in different fields of study, including asphalt 
binders, paints, film coatings, and microelectronics are reviewed.  Chapter 3 
presents the material properties of the aggregates and sealants used in this 
study.  Chapter 4 discusses the test procedures and results from each of the 
aforementioned three tests.  Chapter 5 discusses the effect of various 
parameters on interface bonding.  Chapter 6 presents a limited comparison 
between field and laboratory results.  Chapter 7 presents conclusions and 
findings of this study and outlines recommendations for future research. 
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Figure 1-1.  Schematic of Proposed Work Plan 
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2. Chapter 2  
Current State of Knowledge 
The performance of a bond depends strongly on the bonding 
characteristics of the adhesive and the adherend.  Therefore, performance of the 
bond between crack sealant (adhesive) and crack walls (adherend) is affected 
mainly by the rheology of the sealant and the chemical composition, roughness, 
and cleanliness of the crack sides.  Since more than 80% of the crack walls’ 
structure is composed of aggregate (Curtis, 1992), aggregates represent the 
crack walls in this study.   
2.1 Aggregate Properties 
The aggregates most often used in pavement are natural rock material, 
gravel and sands, and slag aggregate.  Aggregate comprises more than 80% by 
volume of the pavement structure; the rest is composed of binder and air voids 
(Curtis, 1992).  Consequently, the sides of a crack are composed mostly of 
aggregate.  Therefore, the crack sealant installed in cracks is in contact mostly 
with aggregates, and the adhesion is mainly affected by the interaction of crack 
sealant and aggregate.  Natural rocks can be classified based on their origin as 
igneous, metamorphic, or sedimentary.  Igneous rocks are formed at or below 
the earth’s surface by cooling the molten material called magma.  Metamorphic 
rocks are formed when high pressure and temperature result in recrystallization 
of their constituents.  Sedimentary rocks are formed when small particles of 
decomposed older rocks are collected by wind and water, then cemented and 
reconsolidated to form a new rock type.  This study attempted to select at least 
one rock from each type.  Granite, quartzite, and limestone, which are 
considered in this study, are igneous, metamorphic, and sedimentary, 
respectively.   
The chemistry of aggregate affects the asphalt-aggregate adhesion 
substantially; various mineral components of aggregates show different affinity 
for asphaltic material.  Therefore, various aggregates develop bonds of different 
strength (Plancher et al., 1977; Curtis et al., 1989).  Porosity of aggregate is 
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another important characteristic of aggregate that can affect the asphalt 
adsorption.  Jeon and Curtis (1990) explain how a surface of porous aggregate 
acts as a sieve to separate high and low molecular weight bitumen fractions.  
Plancher et al. (1977) measured the adsorption of asphalt functionalities onto 
several aggregates, including limestone, granite, and quartzite.  They determined 
the affinity of asphalt functionalities based on the amount of adsorption from 
single-component solutions.  They stated that when adsorption occurred, the 
asphalt binder that remained on the surface of the aggregate became hard and 
brittle.  This leads to a weak boundary layer (Curtis et al., 1989).    
2.2 Sealant Characteristics 
In general, sealants are composed of bitumen, polymers (such as styrene-
butadiene copolymer), and insolubles (such as ground-tire rubber and mineral 
filler).  The styrene-butadiene copolymer consists of polystyrene and 
polybutadiene.  In order for a sealant to perform well in the field, it needs to have 
appropriate rheological properties as well as adequate interface bonding.  
Pavement around sealed cracks moves horizontally and, usually to a lesser 
degree, vertically.  This movement causes tension and shear in the sealant and 
the interface.  Vertical movement is caused mainly by traffic loading; horizontal 
movement is due to thermal contraction/expansion of the pavement during winter.  
Depending on the chemical composition of the sealant, it may not adhere well to 
certain pavement crack walls, leading to premature adhesive failure.  Among 
factors affecting sealant performance, Chehovits and Manning (1984) reported 
several characteristics which most affect sealant performance:  sealant needs to 
be able to fill the crack, adhere and remain bonded to crack walls, resist flowing 
out of the crack, be sufficiently flexible to extend with crack movements, be 
compatible with the pavement material, and perform well within a short annealing 
time (to limit lane closure time).  
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2.3 Sealant-Aggregate Adhesion Characteristics 
Adhesion of a sealant to a pavement’s crack wall is affected not only by 
the sealant’s properties, but also by the crack’s physical characteristics and the 
crack wall’s chemical properties.  Physical properties include geometry, size, 
cleaning, dryness, and surface roughness of the cracks.  Chemical properties are 
related to the pavement composition, including aggregate, filler, and asphalt 
binder.  Since the main constituent of hot-mix asphalt (HMA) is aggregate, 
properties of the aggregate in crack walls are expected to have the dominant role 
in adhesion of sealant to the crack walls.  In other words, to have an adequate 
bonding, sealant and aggregate need to be compatible.  Compatibility between 
sealant and aggregate can be evaluated through a surface energy approach; 
while physical bonding can be evaluated through tension and fracture testing.   
2.3.1 Surface Energy Approach 
When two compounds develop chemical bonds with each other, the 
process is called chemical reaction.  When two surfaces form bonds with each 
other, or adhere to each other, the process is called adhesion (Lee, 1991).  The 
field of chemistry usually defines the energy of adhesion as the energy released 
when two surfaces meet to form an intimate contact called an interface.  
However, in the area of physics, the energy of adhesion is defined as the 
maximum force or energy spent to separate two adhered entities.  Although the 
measured force or energy does not show the origin and type of the interfacial 
bonding (Lee, 1991), it shows how strong the bond is, or how much energy it 
takes before failure happens.   
The concept of failure in materials may be divided into two general 
classifications:  (i) the separation of a material from itself (cohesive failure), and 
(ii) the separation of a material from a dissimilar material at the bond line 
between the two materials (adhesive failure).  Cohesive fracture is defined as a 
failure that occurs inside the sealant or within the crack walls.  Adhesive fracture 
(or adhesive failure) refers to the debonding of the sealant from the crack walls.  
Many mechanical testing methodologies have been used to measure adhesion.  
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Theoretically, adhesion energy is the sum of the surface energies of the 
materials in each side of the interface, excluding the interface energy.   
Cheng et al. (2001) measured the thermodynamic surface energy of 
aggregates using the universal sorption device.  They used a surface energy 
approach to evaluate adhesive-fracture and moisture-damage characteristics 
within the asphalt-aggregate system.  They argued that knowing the surface 
energy of each asphalt and aggregate would lead to the most compatible 
asphalt-aggregate combination with the best ability to resist adhesion failure.  
Bhasin et al. (2006) used the same approach to quantify the adhesive bond 
energy between the aggregate and asphalt.  They observed significant 
differences in the bond energies developed between various aggregates and a 
given asphalt binder.  They also argued that knowing the respective surface 
energies of the asphalt binder and aggregates would lead to the selection of the 
most compatible asphalt-aggregate combination.  However, in reality, the energy 
needed to break the bond is several orders of magnitude higher than the 
measure of adhesion derived through the surface energy approach.  The 
difference is attributed to a dissipative contribution (Galerie et al., 2004).  
Although the surface energy of a bond is a measure of adhesion, surface energy 
can only account for the reversible energy component (thermodynamic work of 
adhesion).  The surface energy approach cannot consider the deformation 
component, which is typically the dominant factor when measuring adhesion.  
For elastic brittle adhesives, an exponential relation may exist between interfacial 
fracture energy and surface energy of the bond (Penn and Defex, 2002).  
However, this may not be applicable to viscoelastic materials such as crack 
sealants.  Interfacial fracture energy (IFE) depends on thermodynamic work of 
adhesion, fracture mechanics, and rheology (Masson and Lacasse, 2000).   
Thermodynamic theory is one theory that can explain, to some extent, the 
adhesion phenomenon of sealant to aggregate.  It explains the adhesion 
phenomenon based on the intermolecular forces at the interface.  These forces 
can be related to the surface free energies of the materials involved in the 
adhesive bond.  The tendency to conversion of potential energy into enthalpy 
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(work) and entropy (randomness) leads to energy changes (Equation 2-1) 
(Kittrick, 1977).  In order to relate enthalpy (∆H) and entropy (∆S) at constant 
temperature T (Kelvin) and atmospheric pressure, the Gibbs free energy (∆G) is 
defined as follows:  
    
STHG ∆+∆=∆          (2-1) 
 
Gibbs free energy is the difference between the initial and final energy 
states of the system; it can be used to determine the possibility of process 
occurrence under some specific temperature and pressure.  Enthalpy is the total 
heat given off or absorbed during this process.  It was shown that ∆H is more 
important at low temperatures, while ∆S becomes dominant at high temperatures 
(Kittrick, 1977).  While the magnitudes of H and S may change insignificantly 
when small temperature variation occurs, the free energy may vary considerably 
with temperature.  The Gibbs free energy of adhesion, ∆Ga, described as excess 
free energy of the interface, is an important thermodynamic parameter that can 
be used as a measure of adhesion.  The variation of this energy versus 
separation distance for attractive forces is shown in Figure 2-1.  As can be seen, 
the energy decreases as two ions with opposite charge approach each other at a 
temperature approaching absolute zero.  The Gibbs free energy of adhesion, 
∆Ga, is related to a well known parameter, Wa (work of adhesion, also called true 
adhesion strength) by Equation 2-2 (Van Oss et al., 1988). 
 
a
a GW ∆−=           (2-2) 
 
If both components of a bond are extremely brittle, the energy dissipated 
in separating the two is equal to the sum of the surface energies of the newly 
developed surfaces.  However, comparing the value of work of adhesion with the 
energy spent in mechanically detaching the adhesive from the adherend confirms 
that the presence of plastic dissipation is inevitable, particularly in local regions 




Figure 2-1.  Potential Energy of Attraction  
versus Separation Distance (after Kittrick, 1977) 
 
Van Oss et al. (1988) developed a three-component theory, based on a 
modified form of the acid-base theory, to explain the total surface energy in terms 
of three constituents:  an acid, a base, and a dispersive (also called Lifshitz-van 
der Waals) component.  The terms surface “energy” and surface “tension” are 
equivalent for liquids and can be measured through several methods, such as 
direct measurements of contact angles or shapes of drops through a microscope.  
Gast (1977) describes several classic techniques, including the Capillary Rise 
method, the Wilhelmy Plate method, the Maximum Bubble Pressure method, the 
DuNouy Ring method, the Drop Weight method, the Pendant Drop method, and 
the Sessile Drop method.  Elphingstone (1997) determined contact angles of 
liquids on different bitumen types by employing the Wilhelmy plate method.  Li 
(1997) adapted a gas sorption technique to determine the equilibrium spreading 
pressures of three organic solutes of different polarities when adsorbed onto 
road-building aggregates; these parameters were then used to calculate surface 
energy.  Cheng et al. (2001) used both the Wilhelmy plate method and a vacuum 
sorption method (with a Universal Sorption Device) to determine the surface 
energies of bitumen and aggregate.  A brief description of the most-used contact 
angle measurement techniques follows. 
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2.3.1.1 DuNouy Ring 
This method uses the interaction between the liquid being tested and a 
platinum ring.  The ring is first submerged in the liquid and then raised upwards.  
As the ring moves upwards, it raises a meniscus of the liquid.  The point at which 
the ring contacts the surface of the liquid is registered as the zero point.  Then 
the ring is retracted from the liquid, while the force used to raise the ring is 
recorded.  The amplitude of the force increases until it reaches its maximum, and 
the meniscus tears from the ring.  This maximum force is used to calculate 
surface tension. 
2.3.1.2 Wilhelmy Plate 
This method is based on measuring the interaction of a fully wetted 
platinum plate in contact with, but not submerged in, the liquid being tested.  
Knowing the geometry of the plate and density of the liquid, the contact angle 
and the surface tension can be calculated.  In this method, the position of the 
plate relative to the surface of the liquid medium is significant, and the force 
applied to the plate is continuously recorded throughout the test.  At the time the 
plate is brought into contact with the liquid, the force will change.  The position of 
the plate at this time will be recorded as the zero depth of immersion.  The plate 
will then be wetted to a set depth to insure that there is indeed complete wetting 
of the plate (zero contact angles).  When the plate is later returned to the zero 
depth of immersion, the force used to do so is recorded.  After conducting the 
test using three known liquids, the Young-Dupré equation can be used to 
calculate the surface tension of the solid plate (Zollinger, 2005).  
2.3.1.3 Tensiometry 
The tensiometric method measures the forces that are present when a 
sample of solid is brought into contact with a test liquid.  If the forces of 
interaction, geometry of the solid, and surface tension of the liquid are known, the 
contact angle can be calculated.  The user first needs to measure the surface 
tension of the liquid, using either a Wilhelmy plate or a DuNouy ring.  Then the 
sample of the solid to be tested is hung on the balance and tared.  The liquid is 
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then raised to contact the solid.  When the solid contacts the liquid, the change in 
forces is detected and registered as zero depth of immersion.  As the solid is 
pushed into the liquid, the forces on the balance are recorded (Equation 2-3). 
 
Ftotal = wetting force + weight of the probe - buoyancy    (2-3) 
 
Knowing the weight of the probe, and the buoyancy, the wetting force can be 
obtained. Then the contact angle can be calculated using Equation 2-4:  
 
Wetting force = γl P cos θ          (2-4) 
 
where  
γ l  is surface tension of the liquid,  
P  is perimeter of the probe, and  
θ  is contact angle (o). 
 
Thus, at any depth, the data collected can be used to calculate the contact 
angle.  This contact angle, which is obtained from data generated as the probe 
advances into the liquid, is the advancing contact angle.  As the probe retreats 
from the liquid, data collected is used to calculate the receding contact angle.  
Advancing contact angle is usually considered more reliable for calculating 
surface energy (Van Oss et al.,1988).  
2.3.1.4 Sessile Drop 
In this method, a droplet of a liquid with known surface tension is placed 
on the solid test surface.  The image of each drop is captured by microscope and 
used to measure the contact angle.  Thermodynamic work of adhesion can be 
calculated through Young’s Equation, Equation 2-5 (Van Oss et al., 1988).  This 
approach can also provide the surface energy of the solid surface using three 
probe liquids (Cheng, 2001; Zollinger, 2005; Bhasin, 2006).   
 
θγγγ coslvslsv +=          (2-5) 
 
where  
γsv is surface tension of the substrate (mJ/m2), 
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γ sl  is solid-liquid interfacial free energy (mJ/m2), 
γ lv is surface energy of the liquid (mJ/m2), and 
θ  is contact angle (o).  
 
2.3.1.5 Thermodynamic Work of Adhesion 
Surface energy of each sealant and its corresponding contact angle with a 
specific substrate, obtained through any of the aforementioned approaches, can 
be used to calculate the work of adhesion for their bond.  In this study, because 
of its simplicity and practicality, the sessile drop method was used to measure 
the surface energy of a sealant and its contact angle to each aggregate.   
One of the theories used to explain adhesion phenomena effectively is 
adsorption theory (Masson and Lacasse, 2000).  Adsorption theory describes 
wettability and is based on the measured contact angle between a liquid and a 
solid on a horizontal surface under thermal equilibrium.  A schematic of the 
contact angle experiment is presented in Figure 2-2, where θ  is the contact 
angle between the solid-liquid (SL) interface and the tangent of the liquid-vapor 
(LV) interface.  When a drop of liquid is placed onto a solid surface such as an 
aggregate, the drop remains stationary (contact angle > 90º) or it spreads 
(contact angle < 90º).  If it spreads, the surface of the solid is wetted, and 
adhesion between the liquid and the solid is likely to be high.  If the drop does not 
spread, then adhesion is low.   
Contact angle is an indicator of the affinity of a liquid for a solid.  The 
shape of the liquid drop on a solid surface is related to the magnitude of the 
adhesive forces acting between the substrate, the adhesive, and the air 
surrounding them (Van Oss et al., 1988).  To be at stationary status, the forces 
between the three of them should be in equilibrium (Figure 2-2), which leads to 
Young’s equation (Equation 2-5).  When two dissimilar materials form an 
interface by being in intimate contact, a tensile force can be applied to split the 
materials into dissimilar parts.  For a completely brittle interface of unit cross 
sectional area, the energy expended (or work of adhesion, Wa) can be obtained 
using the Young-Dupré equation: 
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)cos1(cos θγγθγγγγ +=+=−+= lvlvlvsllvsvaW      (2-6)  
 
 
Figure 2-2.  Contact Angle of a Drop of Liquid onto a Solid 
 
Although the exact nature of the relation between the work of adhesion 
and bonding as measured in reality has not been elucidated, practical experience 
with adhesive bonding has shown that an increase in Wa usually leads to an 
increase in adhesion strength (Penn and Defex, 2002).  The Young-Dupré 
equation is basically the sum of the individual surface energies for the two 
materials involved.  Surface energy is comprised of a polar and a non-polar 
component (Fowkes, 1964): 
 
γl = γLW+ γAB          (2-7)  
 
where 
γl  is liquid surface energy (mJ/m2), 
γLW is Lifshitz-van der Waals component, and 
γAB  is acid-base component. 
 













)])([(2 −++= ssLWstotals γγγγ         (2-9) 
 
where 
γl LW, γl +, and γl - are liquid surface energy components, 
γ l  LW is Lifshitz-van der Waals (non-polar) component of liquid, 
γ l + is acid (electron accepting), 
γ l - is base (electron donating), 
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γs LW, γs +, and γs - are solid surface energy components, 
γs LW is Lifshitz-van der Waals (non-polar) component, 
γs + is acid (electron accepting), 
γs - is base (electron donating), 
θ  is contact angle, and 
γs total is total surface energy of the solid. 
 
Using the above equations, one can predict the work of adhesion between 
two materials, given that their surface energy components are known.  However, 
because dissimilar materials are separated, some of the intermolecular forces 
present during intimate contact can be missing.  That is, an interfacial energy 
may have existed before separation; this energy should be accounted for by 
subtracting it from the energy to create the two new surfaces.  The condition of 
components at the time of wetting is very important, too.  For example, when 
asphalt binder is applied to hot aggregate, it bonds more strongly than when it is 
applied to cold aggregate (Thelen, 1958).   
2.3.2 Direct Tension Approach 
Using a direct tension test to bring an assembly of adhesive-adherend to 
failure is very common in the adhesive industry (e.g., pull out test, butt joint test).  
This method has received attention because it resembles crack/joint opening and 
contraction.  Masson and Lacasse (1999) used both a small scale and a full 
scale direct tension test to assess the level of adhesion of sealants to heat 
treated substrates.  
Masson and Lacasse (1999) and Zanzatto (1996) independently 
measured the bonding of sealants to concrete by bringing sealant-concrete 
assemblies to tensile failure.  In both studies, adhesion was taken as the energy 
required to bring the assemblies to failure.  Masson and Lacasse (1999) 
measured energies of 200-500 J/m2 at -37ºC, whereas Zanzatto (1996) obtained 
values of 500-1000 J/m2 at -30ºC.  Although these results show the energy was 
greater at -30ºC than at -37ºC, they do not indicate that adhesion was greater, 
because the test is geometry-dependent and different tests were conducted.  In 
summary, the aforementioned tests presented by Masson and Lacasse (1999) 
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and Zanzatto (1996) are geometry-dependent.  Such tests can be used to 
compare material performances under the same test setting and conditions, but 
they may not be used to measure fundamental properties of sealants.  In addition 
to the aforementioned studies conducted on crack sealants to evaluate sealant 
adhesion capability, there exist several studies on binder-aggregate adhesion.  
Among those, a tensile test (Marek and Herrin, 1968), a pull off test (ASTM 4541) 
(Youtcheff and Aurilio, 1997; Kanitpong and Bahia, 2003; Kanitpong and Bahia, 
2005; Copeland, 2007), a lap shear test (Khattak et al., 2007; Mo et al., 2006) 
and a sliding plate viscometer test (Huang et al., 2005) were used extensively to 
measure the adhesion between binder and aggregate and foresee the effect of 
water exposure on the binder–aggregate interface.  These methods are effective 
for comparing pairs of adhesive-adherend, but since the test results are 
geometry-dependent, these tests can only be used for qualitative assessment of 
the bond.   
2.3.3 Fracture Mechanics Approach 
Since poor bonding results in cracks or delamination, fracture mechanics 
is a natural approach for characterizing the resistance to failure and for predicting 
the durability and performance of the bond.   
In 1921, Griffith proposed an energy criterion of failure that is mainly a 
statement of the principle of energy balance:  a crack will propagate if the energy 
available is equal to the energy required to extend the crack by a unit surface 
area.  Griffith (1921) showed this energy as the sum of the surface energies of 
each of the newly developed surfaces.  In reality, the energy required for unit 
crack propagation is much more than this value, because the crack in most 
materials is rough and tortuous, and micro-cracking, frictional slip, and plasticity 
are involved in a sizable zone around the fracture tip.   
Fracture mechanics is used in failure analysis of many materials, including 
hot-mix asphalt (HMA).  Moavenzadeh (1967) was one of the pioneers to 
investigate the mechanism of fracture in HMA.  After that, it took more than two 
decades to implement fracture mechanics tools to characterize HMA.  One of the 
well known fracture tests is the single-edge notched beam test SE(B); Lee and 
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Hesp (1994) and Lee et al. (1995) were among the first to implement this test to 
characterize fracture properties of asphalt binders.  Later, Anderson et al. (2001) 
showed fracture toughness differentiates among modified asphalt binders more 
clearly than the PG (Performance Grade) criteria.  In 2004, Olard and Di 
Benedetto investigated the effect of loading on fracture properties of binder, and 
showed there is a lower bound for the fracture energy of asphalt binders.  
Andriescu et al. (2004) used the essential work of fracture (EWF) method by 
Cotterell and Reddel (1977) to divide the strain energy into the essential work of 
fracture (we) and the plastic work of fracture (wp).  Later, the DENT test, along 
with a DTT test, was used to study thermal stress and to estimate critical 
cracking temperature (Roy and Hesp, 2001; Zofka and Marasteanu, 2007).  
The above tests are mainly dealing with one material as a whole.  
However, in the case of interface fracture, failure actually occurs between the two 
materials involved in the bond.  Interfacial fracture energy, believed to be a 
fundamental material property, is defined as the energy required to separate a 
unit area of the interface (Bennett et al., 1974).  It is the sum of energy dissipated 
through a reversible component (thermodynamic work of adhesion) and a rate-
dependent deformation component (viscous and plastic deformation).  It is 
independent of geometry, and could represent an inherent property of an 
individual interface (Jiang and Penn, 1990).  However, it may depend on surface 
preparation (Jiang and Penn, 1990).  Therefore, surface preparation needs to be 
consistent if interfacial fracture energy is used to predict adhesion for various 
geometries.   
Indentation tests, scratch tests, peel tests, and blister tests are common 
test methods that implement fracture-mechanics concepts to characterize 
interface fracture properties.   
2.3.3.1 Indentation Test 
The principle of this test is to apply a pyramidal indenter to a surface of the 
adhesive, and record the load and crack length.  The basic result from an 
indentation test is the indentation curve, which is a plot of the normal load as a 
function of the crack depth.  Its interpretation, however, is not straightforward, 
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and a careful mechanical analysis is required to obtain intrinsic material 
properties from the global response of a complicated system involving a highly 
heterogeneous stress state (Demarecaux et al., 1996; Ponton and Rawlings, 
1989).  The mathematical relations express a toughness or a cracking energy; 
these relations, which are mainly empirical, involve a factor 2/3a
p relating the load 
P to the crack length a.  It has been shown that there is a linear relation between 
P and 2/3a (Richard et al., 1991).  Later, Demarecaux et al. (1996) showed that 
the linear approximation cannot represent the complete behavior of the material, 
and that the slope of the P-a curve increases at a specific load.  
2.3.3.2 Scratch Test 
The scratch test is a method mainly used to characterize the adhesive 
properties of thick coatings and the resistance of bulk materials.  The principle of 
the test is to generate a controlled scratch on the sample surface using a 
diamond tip.  The tip is drawn on the adhesive surface.  The load required to do 
so increases until it reaches a critical level, at which the coating will start to fail.  
The critical loads are detected by a sensor attached to the indenter holder.  The 
critical load is used to quantify the adhesive properties with respect to a specific 
substrate. 
2.3.3.3 Peel Test 
The peel test is a common test in the polymer, paint, and microelectronics 
industries.  Due to its relative simplicity, the peel test is a well received method to 
measure adhesion of mainly deformable adhering layers.  In a peel test, a thin 
flexible strip bonded to a substrate is peeled away from the substrate at some 
angle to the substrate.  The force applied to separate the adhesive from the 
adherend is called the peel force.  If there is no plastic deformation and no 
residual stress involved, adhesion can be calculated using Equation 2-10: 
 




Fa is adhesion,  
θ  is peel angle, and   
P is peel force per unit width of the film.  
 
However, in order to extract the intrinsic adhesion in the presence of 
plastic deformation, one needs to consider the energy dissipated during peeling.  
The aforementioned equation is unable to obtain from experimental data a 
unique geometry-independent value that can represent the adhesion.  In many 
peel tests, the dominant component is energy dissipated in plastic bending of the 
peeling arm (Gent and Hamed, 1977).   
Later studies implemented a detailed elastoplastic analysis of steady state 
peeling.  The film was modeled as a beam on a rigid substrate (Kim and Kim, 
1988).  An energy balance along with beam theory was used to extract the 
interfacial fracture energy from the experimental data (Kim and Aravas, 1988).  
Finite element analysis of the peel test showed the singularity is limited to the 
crack tip, and the dominant mode of deformation is bending.  Several 
researchers tried to correlate the peel force and interfacial fracture energy.  
However, results showed that test specimens suffered a large yielding not only 
around the crack tip but also within the film thickness.  In addition, plastic 
dissipation energy masked the interfacial fracture energy component (Kim and 
Aravas, 1988).  
The conventional peel test is one of the well received methods.  Although 
it is easy to use, it has many drawbacks, which have been discussed in the 
literature (Kim and Aravas, 1988).  This includes the fact that most of the energy 
is dissipated or stored in deformation of the test specimen, and little energy 
contributes to fracture (Gent and Lewandowski, 1987; Kim and Kim, 1988).  
Moreover, extracting interfacial fracture energy from a peel test is not 
straightforward (Chu and Durning, 1992).  Another limitation of the peel test is its 
high bending angle (Chu and Durning, 1992). Using a peel test on a rubber-glass 
system, Gent and Lewandowski (1987) showed that interfacial fracture energy 
depends on peel rate; they observed that increasing the peel rate by tenfold led 
to an order-of-magnitude increase in interfacial fracture energy.  Finally, the peel 
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test needs a mechanical contact with the adhesive via a clamp; hence, this test 
was found to be inappropriate for a thin, viscoelastic, adhesive-like, bituminous 
material.  An alternative test method that attempts to address these drawbacks is 
the blister test. 
2.3.3.4 Blister Test 
The blister test method uses an annular (donut-shaped) disk of substrate 
covered on top with a layer of adhesive.  When a liquid or gas is injected into the 
orifice of the disk, the adhesive lifts off the disk.  A blister forms whose radius 
stays fixed until a critical pressure is reached.  At this critical value, the radius of 
the blister increases in size, signifying an adhesive failure along the interface.  
The pressure and blister profile are used to extract the interfacial fracture energy, 
believed to be a fundamental property of the interface. 
This test was first used by Dannenberg (1961) to measure the adhesion of 
organic coatings to metals.  He placed the applied coating on an annular disk 
and applied a point load at the center of the disk, pushing the film away from the 
substrate.  The load increased to its maximum level, and an outward crack 
initiated.  While the load remained constant, the crack proceeded until the film 
detached from the substrate.  Adhesion was reported as the work done by the 
applied force.  Malyshev and Salganik (1965) conducted experiments using a 
point-loaded blister test.  They observed that the applied force to debond the film 
remained constant while the height of the dome increased in proportion to the 
square of the orifice radius.  Later, Jones (1969) modified this approach by using 
pressure instead of a point load.  An advantage of a pressure load compared to a 
point load is that a pressure load does not require a concentric hole in order to 
apply stress analysis (Jones, 1969).  Also, it appeared that a pressure-loaded 
test resulted in a smaller dome for the same total applied force (Jones, 1969).  
Therefore, a pressure-loaded test would result in fewer film breakages, especially 
in the case of interfaces with high adhesion.   
Williams (1969) conducted some experiments using a pressurized blister 
test and observed that a larger orifice results in lower failure pressure.  Williams 
and Kelley (1971) used a Winkler elastic foundation to analyze the blister test 
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and to calculate the energy stored in the adhesive layer.  Erdogan and Arin 
(1972) modeled the cracked biomaterial interface as a penny-shaped crack 
under known traction.  It was shown that the fracture initiates as mode I; mode II 
gets involved as the crack proceeds.  Therefore, there exists a transition from 
mode I to mixed modes as the crack proceeds.  However, due to the relatively 
small peeling angle in a blister test, the amount of its mixed mode is much less 
than that of peel tests (Erdogan and Arin, 1972).   
Yamazki and Takashi (1978) showed that interfacial fracture energy in the 
pressurized blister test was indeed a system parameter, unique and independent 
of geometry.  In 1983, Hinkley considered the adhesive layer as a spherical cap 
and extracted the interfacial fracture energy through membrane analysis.  Later, 
Gent and Lewandowski (1987) used the same approach to describe both the 
initiation and propagation of the crack in a circular blister test.  They examined 
the cases of very thin films, which behave like membranes, and showed that 
adhesion could be expressed in terms of pressure and maximum height of the 
dome.  They observed that interfacial fracture energy measurements from blister 
tests are consistently lower than those from peel tests.  They attributed that to 
the high energy dissipated in a peel test when adhesive is bent sharply away 
from the substrate at 90º.  In 1988, Allen and Senturia conducted analyses for 
blisters behaving like membranes or like plates.  In the analyses, they accounted 
for the residual stress that develops in the adhesive layer during sample 
preparation.   
In 1987, Allen et al. showed that for a larger orifice, the blister can inflate 
more before debonding starts.  Jensen (1991), using nonlinear von Karman plate 
theory equations, produced a numerical solution to determine the interfacial 
fracture energy and mode-mixes for a circular blister.  Jensen and Thouless 
(1993) analyzed the blister test for both tensile and compressive residual 
stresses, for both a small linear displacement limit (pure bending) and a large 
nonlinear membrane-type limit (pure stretching).  Cotterell and Chen (1997) 
studied the transition from bending to stretching of blister geometry, using 
Hencky’s series solution (Hencky, 1915).  They produced a polynomial 
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expression for the interfacial fracture energy.  They also discussed the mode-
mixity of interfacial fracture in the blister test and explained that a thinner 
adhesive film will result in higher interfacial fracture energy, and that the behavior 
of a blister is likely to be nearer to a plate than to a membrane.  In 1998, Sheplak 
and Dugundji analyzed the transition from bending to stretching of a blister test 
and showed that tensile residual stress delayed the transition from bending to 
stretching.   
In 1992, Chu and Durning conducted a volume-control test, injecting 
distilled water at a constant rate.  They used the pressure history data to extract 
the interfacial fracture energy.  The equation they developed was expanded by 
Shirani and Liechti (1998) to account for the radial movement of the adhesive 
layer.  It appeared that residual stress affects the interfacial fracture energy, 
influences mode-mixes, and leads to losses in configurational stability (Shirani 
and Liechti, 1998).   
In 1994, during the Strategic Highway Research Program (SHRP), 
unsuccessful attempts were made to develop a blister test to measure binder 
adhesion to aggregates (Anderson, 1994).  Peak pressure was selected as a 
measure of adhesion.  This approach was too simplistic.  The use of very thin 
films led to cohesive failure of the asphalt films, and arguable freezing conditions 
resulted in adhesive failure.  Because the test is geometry-independent, film 
thickness does not affect adhesion.  Hence, the cohesive failure in the film could 
have been prevented by increasing the film thickness.  In addition, peak pressure 
alone cannot serve as a measure of adhesion.  To obtain a unique measure of 
adhesion, the evolution of the blister profile and the blister pressure should have 
been recorded.  This simplistic approach investigated by SHRP led the 
researchers to conclude that the blister test did not reflect experience in the field 
and could not differentiate among aggregates (Anderson, 1994).  In chapter 4, 
this dissertation presents an implementation of fracture mechanics to predict the 
adhesion from the blister test on asphaltic materials. 
In summary, the blister test has several advantages over the peel test.  
Mainly, it does not need any mechanical contact via a clamp.  In addition, the 
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small angle minimizes the effect of mode-mixity, so mode I would be the 
dominant mode.  Finally, the applied force is hydrostatic, uniform, and symmetric, 
so the test does not need an exact alignment and its reliability is relatively high.  
There are three different blister tests:  circular, island, and peninsula.  Their main 
difference is specimen shape.  The circular and the island blister tests produce 
an axis-symmetric fracture surface.  Due to ease of sample preparation and 
straightforward data analysis, the circular blister test was selected in this study.  
2.4 Summary 
The current state of knowledge was reviewed for three laboratory test 
approaches:  the surface energy approach, the direct tension approach, and the 
fracture mechanics approach.  For each approach, one test method was 
selected:  the sessile drop test, the direct adhesion test, and the blister test.  A 
feasibility study was conducted for each test to determine its suitability for further 
development as a test that can be implemented for bituminous-based crack 
sealant.  Feasibility tests, fine-tuning of the tests, and experiments are described 
in detail in chapter 4.  
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3. Chapter 3  
Material Characteristics  
3.1 Aggregate 
The study uses aggregates from five states having very different 
geological conditions:  Oklahoma, Illinois, Ohio, Wisconsin, and Pennsylvania.  
These states were found to be good representatives of the variation in geological 
conditions in the United States.  Each aggregate was tested using X-ray 
diffraction (XRD) analysis (conducted at the State Geological Survey, Illinois) to 
determine its mineral composition (Table 3-1).  XRD is a powerful non-
destructive technique for characterizing crystalline materials.  While this method 
is quite reliable for determining carbonates (CaCO3 [limestone], and CaMg 
(CO3)2 [dolomite]), it cannot provide the total amount of SiO2 accurately.  This is 
because SiO2 can be in a number of minerals such as quartz, feldspar, and clay.  
To measure the total amount of SiO2, X-ray fluorescence (XRF) was used to 
measure the chemical composition of each aggregate (conducted at Actlabs, 
Canada), Table 3-2.  As can be seen, sandstone from Pennsylvania has the 
highest percentage of silica (98%).   
The highest amount of calcium carbonate was found in Illinois limestone 
and was measured to be 94.3% using XRD.  To calculate the amount of this 
component from the XRF method, the amount of CaO in Table 3-2 should be 
multiplied by a factor of  1.78, which is the ratio of the molecular weight of CaCO3 
(100g) to CaO (56g).  Using this factor, Illinois limestone having 53.14% CaO 



























Quartz 28.71 1.60 1.94 98.44 89.69 
Potassium Feldspar 26.15 0.00 0.00 0.10 0.00 
Plagioclase 33.18 0.00 0.00 0.10 0.25 
Calcite 0.00 24.37 94.27 0.00 0.16 
Dolomite 1.47 72.88 1.67 0.03 0.35 
Hornblend 0.00 0.00 0.00 0.05 0.15 
Pyrite 0.00 0.00 0.60 0.02 0.17 
Illite 0.34 0.00 1.35 0.45 8.90 
Kaolinite 0.00 0.00 0.00 0.54 0.04 
Cholorite 0.00 0.00 0.18 0.10 0.09 
 
Table 3-2.  Chemical Composition of Stone Using the XRF Method 









SiO2 75.16 1.89 1.24 97.94 82.42 
Al2O3 12.14 0.24 2.47 1.06 8.97 
Fe2O3 2.37 0.23 0.53 0.06 3.36 
MnO 0.042 0.02 0.119 0.003 0.006 
MgO 0.31 11.67 0.5 0.05 0.34 
CaO 0.53 27.5 53.14 0.02 0.43 
Na2O 3.79 0.01 < 0.01 0.02 0.08 
K2O 4.85 0.03 0.02 0.12 1.49 
TiO2 0.2 0.01 0.02 0.04 0.37 
P2O5 0.01 0.02 0.03 0.01 0.06 
Cr2O3 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
LOI 0.523 44.63 41.97 0.333 2.43 
Total 99.93 86.24 100 99.65 99.95 
 
3.2 Sealant 
Adhesion is affected by the rheology and chemical composition of the 
crack sealant used as the adhesive.  The following sections describe this study’s 
test results for the molecular weight, glass transition temperature, coefficient of 
thermal expansion, and viscosity at application temperature for 13 sealants 
widely used in different regions in North America and purported to meet the 
ASTM D6690 standard (Table 3-3).   
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Table 3-3.  Sealants’ Designation, Description Notes, Penetration, Flow, and Resilience 
Penetration Flow Resilience ID Notes 25°C (dmm) 60°C (mm) 25°C 
QQ Stiffest crack sealant 22 0 36 
EE High temperature grade is -22°C 47 0 51 
ZZ Used in San Antonio, TX 42 N/A N/A 
YY Used in San Antonio, TX 42 N/A N/A 
VV Modified with fiber N/A N/A N/A 
UU Used by SHRP H106 62 1.5 N/A 
AE Widely used in NY, VA, and NH N/A N/A N/A 
DD Low temperature grade is -34oC 80 1.5 50 
MM For aging study 120 1 70 
WW Field data available N/A N/A N/A 
NN Field data available 75 0 70 
PP Field data available 130 1 44 
BB Softest crack sealant 148 0 80 
Note:  Apparent viscosity measurement data is provided in chapter 5. 
3.2.1 Molecular Weight  
The sealants’ molecular weights were determined by gel permeation 
chromatography (GPC).  Solutions of the sealants were prepared to a 
concentration of approximately 5mg/L in a solvent system consisting of 
tetrahydrofuran (THF, 80%), Methanol (10%), and triethylamine (10%) at 30°C, 
with a Water 515 HPLC pump, Viscotek TDA model 300 triple detector, and a 
series of three ViskoGEL HR high resolution columns (1 x G3000 HR, 2 x 
GMHHR-H mixed bed) at a flow rate of 1.0ml/min.  Table 3-4 shows the average 
molecular weight for the binder and polymer for the aforementioned sealants. 
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Table 3-4.  Average Molecular Weight of Sealants 
Molecular Weight
 (g/Mol) 
Sealant binder polymer 
BB 1400 167500 
DD 1400 163900 
MM 1310 247000 
NN 1360 257700 
PP 1440 137300 
VV 1470 184000 
WW 1450 189600 
AE 1420 186100 
UU 1410 176900 
EE 1450 227500 
QQ 1480 353700 
YY 1420 193900 
ZZ* 1480 --- 
*no polymer was found in sealant ZZ using GPC method 
 
3.2.2 Glass Transition Temperature 
Because crack sealant is a viscoelastic material, its behavior at low 
temperature can be either rubbery or glassy, depending on its glass transition 
temperature (Tg).  Glass transition temperature is a temperature at which 
molecular mobility is reduced dramatically from the mobility of a liquid state to 
that of a glassy state.  Connor and Spiro (1968) studied how Tg varies with 
asphalt composition.  Later, other researchers showed that the Tg of asphalt 
increases with increasing asphaltene and decreasing paraffinic components 
(Noel and Corbett, 1970).  Other studies addressed the effect of Tg on asphalt 
rheology (Stearns et al., 1966; Schmidt and Santucci, 1966; Majidzadeh and 
Schweyer, 1967); they showed that asphalt absolute viscosity can be calculated 
from the Tg value using the Williams-Landel-Ferry equation (Williams et al., 1955).  
Later, Bahia and Anderson (1993) used dilatometry to measure Tg of eight SHRP 
core asphalts.  They used glass transition temperature to explain the physical 
hardening and the variation in binder.  Reinke and Engber (2002) showed how to 
obtain Tg using a dynamic shear rheometer.   
Among experimental methods to measure Tg are dilatometry (Schmidt and 
Santucci, 1966), rheological behaviors (Anderson and Marasteanu, 1999), and 
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differential scanning calorimetry (Griffiths and Maisey, 1976).  Anderson and 
Marasteanu (1999) showed that Tg values calculated from all three methods are 
in good agreement.  Although glass transition occurs over a temperature range, it 
is normal practice to report a single temperature as glass transition temperature, 
Tg  (Griffiths and Maisey, 1976).  There are varying opinions on how to define Tg 
from DSC data; two opinions are widely accepted:  (a) The intersection of the 
projection of the base line with the tangent to the step (Figure 3-1a), and (b) the 
mid-point between the upper and lower deviations of the step from its tangent 
(Figure 3-1b).  In this study, the latter definition was used to calculate the Tg for 
several sealants (ASTM E1356). 
In order to determine the temperature ranges in which a crack sealant 
shows rubbery behavior (above its Tg) or glassy behavior (below its Tg), the Tg 
was measured using a Differential Scanning Calorimetry (DSC) machine.  In 
DSC experiments, a small sample is heated and cooled at a predetermined rate 
while exothermic or endothermic heat flows are measured.  The measurements 
in this study were conducted with a Mettler Toledo DSC821e, connected to a 
computer equipped with STARe for the manipulation and transfer of data.  About 
20mg of each sample was sealed in an aluminum pan.  The sample was then 
cooled from 25°C to -150°C at a rate of 10°C/min, held at -150°C for 3min, then 
heated to 150°C at a rate of 10°C/min.  The DSC cell was swept by a constant 
flow of nitrogen at 80mL/min, and liquid nitrogen was used to cool the sample.  In 
this study, the heat flow curves for the third segment, in which the sample was 
heated from -150°C to 150°C, were separated from the other two segments, and 
the definition based on the inflection point (Figure 3-1b) was implemented to 
calculate Tg.  Using this approach, the Tg of several sealants was measured and 
is reported in Table 3-5.  Figure 3-2 shows the DSC curves for typical sealant 









































(a)          (b) 
Figure 3-1.  Determining Glass Transition Temperature Using DSC method  
 
 
Figure 3-2.  Tg Regions for Sealant Raw Materials 
(after Masson et al., 2002) 
  




















3.2.3 Coefficient of Thermal Expansion 
The coefficient of thermal expansion of bituminous material varies with 
temperature.  Bahia and Anderson (1993) used dilatometry to measure 
coefficient of thermal expansion of eight SHRP core asphalts below and above 
their glass transition temperatures.  They found asphalt at its rubbery status, 
which occurs above its glass transition temperature, has the higher coefficient of 
thermal expansion.  It should be noted that due to the high percentage of 
polymer in crack sealants, their glass transition temperatures are generally very 
low, and almost all of the laboratory tests are conducted above Tg.  To determine 
the coefficient of thermal expansion for sealants, a 2940 TMA instrument (TA 
Instruments, Inc.) was used.  In order to make a flat surface, 60mg of the sealant 
sample was placed in a small aluminum pan and heated in a convection oven at 
110°C for 30min.  Three replicates for each sealant were tested two days after 
preparation.   
In this test method, a sample is cooled to -100°C, and then it is heated at 
a constant rate while a quartz probe is used to determine any change in 
dimension of the sample.  The coefficient of thermal expansion can be calculated 
using Equation 3-1.  Figure 3-3 shows the graph of the coefficient of thermal 
expansion versus temperature for sealants WW and NN.  
 
LdT
KdL=α              (3-1) 
 
where  
α is coefficient of thermal expansion, 
L is sample initial length, 
dL is change in sample length, 
dT is change in temperature, and 


































Figure 3-3.  Coefficient of Thermal Expansion for Sealant WW and NN Using TMA 
 
The above sealants and aggregates were utilized for the test development, 
analysis, and verification.  The selected sealants represent the stiffest and softest 
as well as in between sealants.  In addition, most of the selected sealants are 
widely used in North America.  The selected aggregates, on the other hand, are 
representative of extreme geological characteristics.  
  34
4. Chapter 4  
Test Development Program 
4.1 Introduction 
A major cause of bituminous crack sealant failure in the field is debonding 
of the sealant from the crack walls, so there is an urgent need for development of 
a comprehensive test method that is practical and able to assess the bond of 
sealant to crack walls.  Such a test can serve to determine an acceptable 
threshold for bituminous material bonding.   
The three laboratory tests proposed in this study will evaluate the bond 
through three separate methods, which are designed to address the needs of 
producers, engineers, and researchers, respectively.  The first test will help 
sealant producers determine a sealant’s compatibility with various aggregate 
types.  The second test is aimed toward engineers and for quality control 
purposes.  The third test is a fundamental test aimed for researchers; however, 
other parties may adopt this test as a more precise method.   
The first test uses a surface energy approach.  Work of adhesion is 
calculated for several sealants with aggregates and aluminum, through 
measuring the surface energy of the sealant and the contact angle between 
sealant and aggregate/aluminum.  Work of adhesion can be used to determine a 
compatible sealant for each construction/maintenance site.  Therefore, the first 
test helps manufacturers produce region-specific sealants.  
The second test is the direct adhesion test, a mechanical test in which 
tensile force is applied to the sealant-substrate interface to bring the assembly to 
failure.  The setup is designed to be implemented in the current DTT machine.  
The maximum load, Pmax , and energy to failure, E, are calculated as measures 
of adhesion.  Determining a lower limit for these parameters will help select an 
appropriate sealant that can develop an adequate bond with the crack wall.   
The third test is the blister test, which uses a fracture mechanics approach 
to measure interfacial fracture energy (IFE).  Interfacial fracture energy is a 
fundamental property of the bond and is more suited for in-depth studies.  This 
test provides the modulus and the interfacial fracture energy, which are two 
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fundamental parameters.  These parameters are determined from two testing 
variables:  the applied pressure and the blister height.  Selecting a lower limit for 
the IFE value can serve to select the right sealant based on a more precise bond 
property.  This test can also be used to examine how different factors such as 
annealing time, presence of water, aging, adhesion promoters, and physical 
hardening affect the adhesion of bituminous materials (particularly hot-poured 
bituminous crack sealant) to aggregate.   
Aluminum is selected as an appropriate replacement for aggregate 
because of its compatibility with sealant, low diffusion, controllable roughness, 
high resistance to both very high and very low temperatures, and availability.  It 
also has a similar thermal coefficient to the aggregates.  The test methods in the 
three tests are developed using aluminum substrates.  The threshold would be 
selected based on the sealant-aluminum bond.  All three testing methods are 
repeated with granite, limestone, and quartzite, to study how substrate 
composition affects bonding.   
This chapter describes preliminary experiments for each test method:  
surface energy, direct adhesion test, and blister test.  In each case, the 
advantages and limitations of the testing method are presented.   
4.2 Substrate Selection 
The current specifications for hot-poured bituminous sealants, ASTM 
D6690, require the use of concrete block as the substrate.  Consequently, the 
specifications do not account for the variation in aggregate composition in the 
field.  Aggregate composition plays a key role in sealant-aggregate adhesion 
(Masson et al., 2002).  However, due to high variation among aggregates, even 
from the same quarry, using local aggregate as the substrate is impractical and 
would make it difficult to evaluate the reproducibility of the proposed test method.   
In an effort to find an appropriate substitute for aggregate, four substrates 
were examined:  stainless steel, glass, polycarbonate, and aluminum.  It should 
be noted that the aluminum used in this study was AL-6061 that was 
mechanically polished to a 63µm finish.  The surface energies of these materials 
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are shown in Table 4-1; since the surface of aluminum is always oxidized, the 
surface energy of oxidized aluminum (rather than aluminum) is used in Table 4-1.  
Figure 4-1 illustrates the importance of surface energies as shown by the contact 
angle between a sealant droplet and different aggregates. 
High-energy surfaces (e.g., granite) lead to low contact angles and good 
adhesion, whereas low energy surfaces (e.g., basalt) lead to high contact angles 
and lower adhesion (Masson and Lacasse, 2000).  As can be seen, the surface 
energy of aggregate varies widely.  Standard materials were selected to have low 
surface energy, to simulate worst case aggregates in terms of surface energy.   
 
Table 4-1.  Surface Energy and Coefficient of Thermal Expansion 
 for Potential Standard Materials (Hefer, 2004; Zollinger, 2005) 
Material 
Coefficient of Thermal Expansion, 
Cm/cm/°C x 10–6 Surface Energy, mJ/m2
Aluminum oxide 23 70 
Soda Lime Glass 8 72 
Polycarbonate 22 46 
Stainless Steel 9.9–17.3 57 
Granite 7–9 425 
Limestone 6 111 
Quartzite 11–13 200 
Sandstone 11–12 105 
Basalt 6–8 74 
 
 
Figure 4-1.  Schematic of Surface Tension Values for Adhesive (Hot-Poured Crack Sealant) 
and Adherends (Aggregates) 
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During cooling of the hot-poured crack sealant on the substrate, stresses 
develop at the interface due to the difference in the respective coefficients of 
thermal expansion.  Hence, to be selected as replacements for aggregates, 
standard materials were selected to have thermal expansion comparable to that 
of aggregates.  Among the pool of materials, glass was too brittle at very low 
temperature; it broke before testing when used as a substrate at -40°C.  The 
surface of plates made from polycarbonate wore out after a couple of tests.  
Therefore, stainless steel and aluminum were selected and compared in terms of 
surface roughness.  Atomic force microscopy was used to take images of these 
two materials along with several aggregates (Figure 4-2).  Using this approach, 
limestone was found to have the roughest surface, followed by sandstone, 
quartzite, granite, steel, and aluminum.  Since aluminum had the smoothest 
surface among all, aluminum was selected as the standard substrate to 
represent the worst scenario in the field. 
Due to its rapid oxidation, aluminum develops a surface layer of aluminum 
oxide groups, Al-OH.  These groups are similar in chemistry to the silicon oxide 
groups, Si-OH.  Both groups are found in aluminum silicate minerals 
(aggregates).  Hence, an aluminum substrate has chemical surface similarity to 
aggregates like granites, quartzite, and sandstone, which have OH groups on 
their surface.  In addition, since most bituminous sealants are acidic, 
compatibility between an aluminum oxide surface and sealant is likely.  Given the 
aforementioned characteristics of aluminum oxide, aluminum was selected as a 
potential standard substrate.   
Hot-poured bituminous sealant diffusion into aggregate (adsorption) is 
another factor that may need to be considered.  Aggregate adsorption (with 
binders) can vary significantly (Curtis et al., 1989).  However, due to the relatively 
high viscosity of bituminous sealants at pouring temperature, the diffusion is 
expected to be relatively low.  Still, it needs to be explored.  Another concern is 
related to the absorption phenomenon.  Since aluminum has very low porosity, it 
is expected to have much lower absorption than aggregate.  However, absorption 
of crack sealants into aggregates is expected to be very low, for two reasons:  to 
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have good absorption, a liquid should have a low contact angle with the 
substrate; and the diffusion distance must be significant.  As reported in Table 4-
2, the sealant contact angles with corresponding aggregates are quite large; 
correspondingly, their diffusion distance, calculated using Einstein's diffusion 





=           (4-1) 
 
where 
D is diffusion, 
K is 1.380E-23J/K (Joule/Kelvin), 
T is temperature (K, Kelvin),  
r  is relative size of sealant molecule to pore size, and 
η is adhesive viscosity (Pa.s). 
 




L is the diffusion distance (m), and 
t  is the diffusion time (s).  
 
The pore sizes of sandstone and quartzite were measured using a 
gravimetric static sorption technique to be 7.7nm and 6.2nm, respectively.  In this 
technique, liquid nitrogen is introduced into the system in several steps.  The 
amount of mass adsorbed at each step is recorded; the cumulative mass 
adsorbed to the specimen is recorded until saturation vapor pressure is reached.  
The two-parameter BET (Brunauer, Emmett, and Teller) model then is used to 








Figure 4-2.  Atomic Force Microscopy to Compare Surface Roughness of Substrates  
Steel Aluminum
Quartzite Granite  
Limestone Sandstone 
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The viscosity of sealant varies approximately between 1Pa.s and 7Pa.s at 
pouring temperature, as described in chapter 5.  However, sealant temperature 
at the time of contact with a crack’s sides should be considered.  In reality, a 
sealant’s temperature can drop over 50ºC after the sealant is pumped out of the 
nozzle and before the sealant contacts the crack’s sides (Collins et al., 2006).  As 
can be seen in Figure 4-3, sealants with very low viscosity can diffuse farther into 
aggregates with higher porosity (smaller bead size).  Sealant viscosity increases 
with cooling as time passes, so this calculation, which is based on initial contact 
temperature, will overestimate the diffusion distance.  In addition, sealant cools 
quickly; it takes about 7min for the sealant to cool to gel temperature, at which 
point the sealant has lost a substantial part of its fluidity and cannot diffuse 
farther into the aggregate (Collins et al., 2006).  Therefore, the diffusion length is 
expected to be even less in reality.  Knowing the sealant viscosity, pore size, 
temperature, and time, the diffusion length can be calculated.  Figure 4-3 shows 
that the diffusion lengths for three substrates are quite comparable.  This 
conclusion supports the use of oxidized aluminum, which has a very low pore 
size (5.8nm), as an aggregate replacement.  Therefore, aluminum was 
conservatively selected as the substrate and used to develop the three test 























Figure 4-3.  Diffusion Distance for Sealant vs. Viscosity for Various Pore Sizes 
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4.3 Surface Energy Method 
The surface energy method uses the principle of Gibbs free energy of 
adhesion, which is the free energy at the interface.  The Gibbs free energy of 
adhesion is related to work of adhesion (Wa).  When two surfaces are brought 
into contact, they release energy, and the amount of released energy can be 
calculated as Wa.  Wa is related to the surface chemistry and molecular 
interaction of the two materials involved in the bond; hence, it is an indicator of 
compatibility of two surfaces in contact; a higher Wa indicates more energy 
released and more compatibility between the surfaces.   
In this study, initial experiments were conducted on five sealant-substrate 
pairs.  Work of adhesion of these pairs was measured following the method 
explained in chapter 2.  Calculated work of adhesion was used to examine and 
compare the compatibility of each pair; the preliminary results showed that the 
method can differentiate among pairs of sealant-substrate.  Final experiments 
conducted on 14 sealants and four substrates confirm the preliminary findings.   
4.3.1 Test Procedure 
The sessile drop method was used to determine the wettability and 
surface tension of the hot-poured crack sealants.  Surface energy components of 
14 sealants were measured using the sessile drop method.  Each sealant was 
heated to the manufacturer’s recommended installation temperature, stirred 
thoroughly, poured on an aluminum sheet to form a thin smooth surface, and 
allowed to sit at room temperature to solidify and shape a thin layer of sealant.  A 
five-micrometer pipette was used to manually apply liquid drops onto the sealant 
layer from three probe liquids: water, formamide, and glycerol.  For each drop, an 
image showing the contact angle was captured by microscope within 15sec after 
the drop was applied (Figure 4-4, Table 4-2).  Knowing the surface energy 
characteristics of the three liquids (Table 4-3), each sealant’s surface energy and 
its individual components were determined using Equations 2-8 and 2-9 (Table 4-
4).   
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Next was to calculate the thermodynamic work of adhesion, Wa, between 
each sealant and specific substrates (limestone, quartzite, granite, and 
aluminum).  To do so, one needs to measure the contact angle between a 
droplet of sealant and the substrate.  A droplet of liquid sealant was placed on 
the substrate and the angle between the droplet and the substrate was recorded.  
Knowing the surface energy of each sealant and the contact angle between each 
sealant and each specific substrate, Wa can be calculated using Equation 2-6 
(Figures 4-5a, and b). 
 
 
Figure 4-4.  Sessile Drop Equipment and Microscope 
 
4.3.2 Summary  
The experiment conducted for 14 sealants and four substrates has shown 
this method can differentiate among adhesive-adherend pairs.  Hence, it can be 
used to ensure a sealant-aggregate pair is compatible.  The test measures the 
work of adhesion, which is related to the surface chemistry of the adhesive and 
the adherend.  This test can be used by sealant producers to determine, for each 
of their products, the geological condition that is most compatible.  Measuring the 
work of adhesion between their sealants and the local aggregates, they will be 




Table 4-2.  Contact Angle (º) between Different Sealants and Substrates 
Sealant/Substrate Limestone Quartzite Granite Aluminum 
AD 82 150 76 103 
AE 143 132 120 169 
BB 70 61 82 120 
DD 126 153 135 170 
EE 136 137 115 150 
UU 84 105 99 120 
VV 136 145 128 157 
MM 90 133 91 110 
NN 108 133 120 143 
PP 112 128 115 124 
QQ 141 167 150 168 
WW 71 76 75 82 
YY 127 173 143 171 
ZZ 106 139 95 122 
 
Table 4-3.  Surface Energy Components of Probe Liquids at 20ºC, mJ/m2  
(after Van Oss, 1988) 
Probe Liquid 
lγ  LWlγ  +lγ  −lγ  
Water 72.8 21.8 25.5 25.5 
Glycerol 64 34 3.92 57.4 
Formamide 58 39 2.28 39.6 
 
Table 4-4.  Surface Energy and Its Components for Crack Sealants 
Sealant γLW  γ− γ+ γtotal 
AD 34.49 5.68 1.84 40.96 
AE 43.99 5.21 4.36 53.53 
BB 9.97 40.01 0.94 22.25 
DD 18.28 4.38 0.29 20.52 
EE 0.1 4.88 18.72 19.22 
UU 2.39 6.32 4.75 13.35 
VV 32.45 2.18 0.84 35.15 
MM 45.15 12.01 4.93 60.54 
NN 6.63 19.99 0.37 12.06 
PP 13.98 4.4 0.6 17.22 
QQ 0.01 5.39 11.6 15.83 
WW 9.03 18.8 1.2 18.54 
YY 2.89 10.03 2.4 12.7 
































Figure 4-5a.  Work of Adhesion between Sealants and  






























Figure 4-5b.  Work of Adhesion between Sealants and  
Limestone, Quartzite, Granite, and Aluminum 
 
4.4 Direct Adhesion Method 
The principle of the test is to bring a sealant-aggregate assembly to failure 
using direct tensile force, for which a Direct Tensile Tester (DTT) is used in this 
study.  In this test, a sealant is confined between two pieces of aggregate.  Using 
a DTT, tensile force is applied to the aggregate to bring the assembly to failure.  
One measure of adhesion is the area under the load–displacement curve divided 
by the sealant-aggregate contact area.  Another measure of adhesion is the 
maximum load.   
  45
4.4.1 Test Procedure  
To conduct the experiment, a testing fixture was developed to 
accommodate the DTT (Figures 4-6a and b).  The briquette assembly consists of 
two half-cylinder end pieces of 25mm diameter and 12mm thickness, made from 
a substrate of either aggregate or aluminum (Appendix A).  Each of the end 
pieces is confined within an aluminum grip designed to work with the DTT sitting 
posts.  The assembly has a half cylinder aluminum mold 25mm wide and 30mm 
long, open at the upper part.  The mold is placed between the two aggregates on 
a level surface, so that sealant poured into the mold will be confined between the 
two end pieces.  In order to ensure adhesive failure will occur, a pre-debonded 
area is made in the form of a crack at one side of the sealant-aggregate interface.  
To make the crack, a 25x2mm shim is placed on the upper edge of the 
aggregate piece that will sit on the fixed side of the DTT.  After the sealant is 
poured into the mold and cooled, removing this shim will leave a notch 2mm 
deep at the aggregate-sealant interface that will be the initial failure location.  
Each sealant is heated to the recommended pouring temperature and mixed 
thoroughly to prevent any segregation.  The sealant is poured into the mold 
slowly, to avoid the formation of air bubbles (Figures 4-6a and b).  After 1h of 
annealing at room temperature, the specimen is trimmed and placed in the DTT 
cooling bath for 1hr before testing.  Using the DTT, the aggregate end pieces are 
pulled apart by moving one of the end pieces at a speed of 0.05mm/s (strain rate 
of 0.005mm/mm/s) (Figure 4-7).  Test Builder software is used to record both the 
required load to move the end piece and the corresponding displacement of the 
end piece.   
Because of the pre-debonded area, resembling an initial crack, no energy 
is dissipated in crack initiation, and the failure path is set.  In addition, pre-
debonding produced consistent results.  Using the pre-debonding approach, 
eight sealant-aluminum pairs were tested at temperatures ranging from -4ºC to  
-40ºC.  The maximum load and the area under the load-displacement curve 
before the peak point were calculated for each pair (Figure 4-8).  Then the 
calculated area was divided by the sealant-aggregate/aluminum contact surface 
  46
to obtain failure energy.  Pmax, load to failure, and E, the energy spent to break 
the bond, are plotted in Figures 4-9a and 4-9b, respectively.   
 
     
Figure 4-6a.  DTT Testing Mold Showing Quartzite Aggregate 
 and the Notch Used to Create an Initial Failure Location 
 
                  
Figure 4-6b.  DTT Testing Specimen Preparation 
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Figure 4-9a.  Load Required to Break the Bond  
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Figure 4-9b.  Energy Required to Break the Bond 
 between Sealant and Aluminum at Various Temperatures 
 
Preliminary testing results showed this test is not only capable of 
differentiating between adhesive-adherend pairs; it is also sensitive to 
temperature variation.  Therefore, this test can be used as a qualitative test to 
evaluate the bond characteristics of sealant-aggregate pairs at temperatures 
ranging from -4ºC to -40ºC.  After finalizing the test procedure, this test was used 
to evaluate the effect of aging on the adhesion capability of the sealant.   
 
4.4.2 Effect of Aging on Bond Properties 
All of the experiments up to this point were performed on non-aged 
sealant.  However, it has been shown that short-term sealant aging occurs 
mainly during heating in the kettle (Masson and Al-Qadi, 2004).  Therefore, a 
sealant applied in the field has already aged, even before exiting the wand and 
entering the crack.  To study if an aging process affects adhesion significantly, an 
aging method able to resemble short-term aging needs to be developed, and 
then adhesion between several aged sealants and aluminum needs to be 
measured and compared with that of non-aged sealants.  Aging affects sealant 
chemistry, so it is expected that sealants’ rheological behavior varies with aging.  
Depending on a sealant’s composition and percentage of polymer, ground rubber, 
and mineral filler, the sealant may become stiffer or softer after aging.  If the 
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polymer chains are degraded during aging, sealant becomes softer; if chains 
coalesce during aging, sealant becomes stiffer.   
Until recently, there was no method to simulate hot-poured bituminous 
crack sealant aging.  As part of this project, Masson and Al-Qadi (2004) 
developed a method and procedure for aging to simulate the aging and 
weathering of crack sealants during installation (short-term aging) and service 
(long-term aging).  In this method, the homogenized sealant is cut into pieces 
and placed in a stainless steel pan in a heated oven until the sealant melts and 
creates a film of 2mm thickness.  Then it is cooled to room temperature, placed 
in a vacuum oven aging device (VOA), and heated to 115ºC for 16hr at a vacuum 
of 760mm of mercury.  The sealant is then transferred to a regular oven, heated 
at 180°C to melt, and stored in containers.  Comparison of the chemical 
composition of aged and non-aged sealants with the chemical composition of 
field samples proved this method a suitable approach for aging bituminous crack 
sealants (Masson and Al-Qadi, 2004).   
To examine the effect of aging on adhesion, six sealants were aged 
following the aforementioned aging procedure.  The adhesion of these sealants 
to aluminum end pieces was measured using the direct adhesion method.  The 
adhesion of the same sealants at non-aged status was also measured and 
compared in Figures 4-10a and b.  As can be seen, Pmax and energy values vary 
with aging.  In addition, both parameters show the same pattern.  For example, 
both parameters show lower adhesion for aged sealant NN at -34ºC, and both 
parameters show higher adhesion for aged sealant UU at -16 ºC.  This variation 
among sealants can be attributed to differences in the chemical composition of 
the sealant.  Considering the effect of aging on adhesion, and the fact that the 
main part of aging occurs in the kettle, sealant adhesion should be measured for 
aged sealant, and a recommended adhesion threshold should be based on 
results from tests of aged sealants. 
4.4.3 Refining Procedures for Test Repeatability 
To fine-tune the test method and procedure, and to check test 
repeatability, eight sealants were selected for final testing.  Each sealant was 
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aged to simulate aging in the kettle.  Aging was conducted following the 
procedure by Masson and Al-Qadi (2004).  Adhesion of each sealant with 
aluminum was assessed using the direct adhesion test.  Maximum load and 
energy to failure were calculated for each pair.  Figures 4-11a, b, and c show the 

















Figure 4-10a.  Required Load to Break the Bond 























Figure 4-10b.  Required Energy to Break the Bond 
 between Aluminum and Aged/ Non-aged Sealant 
 
A statistical analysis was conducted to estimate variation within 
laboratories.  Considering that the adhesion test is a destructive test, high 
variation was expected.  The repeatability of the adhesion test results for the 
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same sealant was acceptable, with an average coefficient of variation of 19.3%.  
However, to ensure consistent test results, the steps presented under specimen 
preparation should be followed.  In addition, pouring temperature and the 
consequent viscosity of the sealant should be controlled.  It is recommended that 
temperature be controlled to within ±1°C.  In Chapter 5, the significance of 
sealant viscosity at installation on bonding is discussed.   
Another concern is the homogeneity of the sealants, especially with 
products containing a high percentage of rubber and filler.  To ensure 
homogeneity of the sealants, use of the ASTM D5167 standard is recommended 
when melting and homogenizing the sealant.  Based on ASTM C670 standards, 
the acceptable variation should be established using precision of individual 
measurements.  The maximum acceptable range for individual measurements is 
obtained by multiplying the standard deviation of the measurements by a factor 
reflecting the number of replicates.  For three and four replicates, this factor is 
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Figure 4-11a. Maximum Load Measured for the Bond 
 between Eight Aged Sealants and Aluminum 
 
4.4.4 Variation between Sealants 
In the next step, a statistical analysis was conducted to examine if the 
candidate test parameters can differentiate among sealants tested at the same 
temperature.  At those temperatures in which two sealants were compared, the t 
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test was used.  However, the t test is limited to the comparison of two groups at a 
time.  So, for those temperatures in which more sealants were tested, the F test 
appeared to be an appropriate statistical method for multiple comparisons (more 



















Figure 4-11b.  Resultant Energy Measured for the Bond 





















Figure 4-11c.  Resultant Energy Measured for the Bond 
 between Aged Sealants and Aluminum at -16ºC to -34ºC 
 
Analysis of variances and multiple data comparison were conducted at 
temperatures ranging from +2ºC to -34ºC with intervals of 6ºC.  Analysis of 
variance procedures required the following assumptions:  
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• Each group is an independent random sample from a normal 
population. 
• In the population, the variances of the groups are equal.  
 
To check the second assumption, in which the null hypothesis is that the groups 
come from populations with the same variance, the Levene test at a significance 
level of 0.05 was used.  The observed significance level at all temperatures is 
larger than 0.05 (Table 4-5).  Therefore, the null hypothesis would not be rejected 
and the variances of the groups are equal. 
 
Table 4-5.  Levene Test Result to Examine 
 the Equality of the Variances of the Groups 
Groups Temp. (ºC) 
Levene 
Statistic Sig. 
T-34 2.132 0.200 
T-28 0.017 0.903 
T-22 0.274 0.628 
T-16 4.737 0.058 
T-10 3.361 0.105 
T-4 4.664 0.097 
 
The next step is to look for significant differences among the sealants 
tested at the same temperature.  The null hypothesis is that all groups have the 
same means at a 0.05 significance level.  The statistical test for this null 
hypothesis is based on the F ratio.  A significant F-value indicates that the 
population means are not all equal.  For this part, the best three out of four 
replicates were used in the analysis.  As indicated in Table 4-6, the significance 
values for all groups with the exception of group T-22 are below 0.05, which 
means F is significant and the null hypothesis is rejected.  For cases in which two 
sealants are compared (groups T-28 and T-4), analysis is completed, and it 
shows the test parameter can differentiate among sealants at these temperatures.  
However, for cases in which more than two sealants are compared, a significant 
F ratio only means there is at least one group which is different from the rest.  In 
those cases, multiple comparisons followed by a Tukey’s HSD (honestly 
significant difference) test were used to examine if the test parameters can 
differentiate among all sealants adequately.  To study how much of the variation 
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occurs between sealants, the sum of squares between groups was divided by the 
total sum of squares.  Table 4-7 shows the contribution of the variation between 
sealants to total variation.  
Multiple comparisons were then conducted to determine which means are 
significantly different from the others.  Tukey’s HSD procedure allows for a 
comparison of the possible pairs of means.  For example, if there are four 
sealants, six possible paired comparisons (comparisons between individual 
means) can be performed.  Tables 4-8a, b, and c show the homogeneous 
subsets at -34ºC, -16ºC, and -10ºC.   
As can be seen in Tables 4-8a and b, at -34ºC and -16ºC, respectively, 
three sealants are categorized in three separate subsets, which means all three 
are different.  However, in Table 4-8c at -10ºC, sealants UU and ZZ at 
confidence level of 0.05 do not show a significant difference.  For further 
examination, the number of replicates for sealants was increased, and the 
statistical analysis was repeated.  Table 4-9 shows the test of homogeneity of 
variances, in which the observed significance level (0.245) is larger than 0.05, so 
the groups’ variances are equal.  The ANOVA results in Table 4-10 show that the 
F ratio is significant, which means the groups have different mean values.  Finally, 
Table 4-11 shows the homogenous subsets at -10ºC.  As can be seen, at 
significance level 0.05, the three sealants are different; hence, the test parameter 
can adequately differentiate among sealants at each temperature.  With the 
exception of sealants tested at -22ºC, significant differences were found among 
sealants.  The fact that no significant difference was observed between the 
sealants tested at -22ºC can be attributed to a small sample size and the inherent 
similarity of the two tested sealants at this temperature.   
Statistical ANOVA analyses conducted for the second parameter, 
resultant energy, and homogenous subsets are presented in Tables 4-12 and 4-
13a, b, and c, respectively.  As can be seen, resultant energy can also 
differentiate, to some extent, among sealants tested at each temperature, with 
the exception at -10ºC.  It should be noted, though, that this parameter could not 
differentiate among sealants as clearly as the maximum load, Pmax, did.  For 
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instance, at -34ºC and -16ºC, resultant energy only categorizes the sealants into 
two subsets, and it fails to differentiate between sealants NN and PP at -34ºC 
and sealants LL and VV at -16ºC.   
In general, statistical analysis showed both parameters can differentiate 
among sealants, to some extent; however, the Pmax parameter was found to be a 
more sensitive parameter to sealant variation and able to more clearly 
differentiate among sealants.  Therefore, Pmax was selected as the second test 
parameter. 
 





Square F Sig. 
Between Groups 10,589.583 2 5,294.791 131.037 0.0000 
Within Groups 242.440 6 40.407   -34 
Total 10,832.023 8    
Between Groups 2,273.629 1 2,273.629 14.497 0.0190 
Within Groups 627.330 4 156.832   -28 
Total 2,900.958 5    
Between Groups 12.801 1 12.801 0.022 0.8894 
Within Groups 2,331.242 4 582.810   -22 
Total 2,344.043 5    
Between Groups 7,031.484 2 3,515.742 30.077 0.0007 
Within Groups 701.341 6 116.890     -16 
Total 7,732.825 8       
Between Groups 2,607.818 2 1,303.909 14.045 0.0055 
Within Groups 557.032 6 92.839     -10 
Total 3,164.850 8       
Between Groups 2,325.271 1 2,325.271 89.707 0.0007 
Within Groups 103.682 4 25.921     -4 
Total 2,428.953 5       
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Table 4-7.  Ratio of Sealant Variation with Respect to Total Variation 
 at Each Temperature for Pmax 







Table 4-8a.  Homogenous Subsets at -34 ºC for Pmax 
Subset for α = 0.05 
Sealant N 1 2 3 
NN 3 45.537667   
PP 3  84.490667  
AE 3   129.487333 
Sig.  1.000 1.000 1.000 
 
Table 4-8b.  Homogenous Subsets at -16 ºC for Pmax 
Subset for α = 0.05 
Sealant N 1 2 3 
UU 3 36.722667   
LL 3  65.289333  
VV 3   104.892000 
Sig.  1.000 1.000 1.000 
 
Table 4-8c.  Homogenous Subsets at -10 ºC for Pmax 
Subset for α = 0.05 
Sealant N 1 2 
VV 3 23.8077  
UU 3  49.7580 
ZZ 3  65.0467 
Sig.  1.000 0.207 
 
Table 4-9.  Levene Test Result to Examine the Equality of the Variances 
 of the Sealants at -10ºC 
Levene Statistic df1 df2 Sig. 
1.516 2 19 0.245 
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Table 4-10.  ANOVA Result to Compare Mean Values of Sealants Tested at -10ºC for Pmax 
 
Sum of 
Squares df Mean Square F Sig. 
Between Groups 8,930.900 2 4,465.450 26.464 0.000 
Within Groups 3,205.992 19 168.736   
Total 12,136.892 21    
 
Table 4-11.  Homogenous Subsets at -10 ºC for Pmax 
Subset for α = 0.05 
Sealant N 1 2 3 
VV 6  51.6967  
UU 13   79.6402 
ZZ 3 23.8077   
Sig.  1.000 1.000 1.000 
 
Table 4-12.  ANOVA Result to Compare Mean Values for Resultant Energy 
Temperature (ºC) Sum of Squares df Mean Square F Sig. 
Between Groups 5,003,440.996 2 2,501,720.498 100.705 0.000
Within Groups 149,052.427 6 24,842.071     -34 
Total 5,152,493.423 8      
Between Groups 29,744.001 1 29,744.001 5.008 0.089
Within Groups 23,757.383 4 5,939.346     -28 
Total 53,501.384 5      
Between Groups 936,090.588 1 936,090.588 6.267 0.067
Within Groups 597,518.335 4 149,379.584     -22 
Total 1,533,608.923 5      
Between Groups 235.152 2 117.576 18.394 0.003
Within Groups 38.353 6 6.392     -16 
Total 273.504 8      
Between Groups 575.232 2 287.616 2.755 0.142
Within Groups 626.364 6 104.394     -10 
Total 1,201.597 8      
Between Groups 44.442 1 44.442 31.106 0.005
Within Groups 5.715 4 1.429     -4 





Table 4-13a.  Homogenous Subsets at -34ºC for Resultant Energy 
Subset for α = 0.05 
Sealants N 1 2 
NN 3 8.281458  
PP 3 49.039113  
AE 3  1,609.949193 
Sig.  0.947 1.000 
 
Table 4-13b.  Homogenous Subsets at -16ºC for Resultant Energy 
Subset for α = 0.05 
Sealants N 1 2 
LL 3 5.246706  
VV 3 8.301916  
UU 3  17.289782 
Sig.  0.364 1.000 
 
Table 4-13c.  Homogenous Subsets at -10ºC for Resultant Energy 
Subset for  
α = 0.05 
Sealants N 1 
ZZ 3 1.3192 
VV 6 8.4578 
UU 13 109.8665 
Sig.  0.134 
 
4.4.5 Variation within Laboratories 
To evaluate variability between operators, two operators tested sealants 
LL, MM, NN, UU, VV, and AE individually.  A standard analysis of variance 
(ANOVA) was conducted to check whether the results of the two sets of tests 
were statistically different.  The results showed no statistical evidence that the 
measured adhesion was different between operators at a level of significance of 
5% (Table 4-14).  In addition, another setup, built in a different machine shop, 
was tested to check for variation among various test setups.  Statistical analysis 
showed there was no significant difference among test setups (Table 4-15). 
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Table 4-14.  Analysis of Variance between Two Operators 
Sealant SS df MS F P-value F critical 
AE@-28 15.84 1 15.84 0.057 0.82 7.71 
LL@-16 191.49 1 191.49 5.024 0.09 7.71 
MM@-28 414.09 1 414.09 2.488 0.19 7.71 
NN@-28 0.12 1 0.12 0.001 0.97 7.71 
UU@-10 207.89 1 207.89 0.919 0.39 7.71 
VV@-10 1.54 1 1.54 0.046 0.84 7.71 
 
Table 4-15.  Analysis of Variance between Two Setups 
Sealant SS df MS F P-value F critical 
QQ@+2 3.30 1 3.30 0.070 0.80 7.71 
NN@-28 392.06 1 392.06 1.542 0.28 7.71 
LL@-16 191.49 1 191.49 5.024 0.09 7.71 
PP@-34 95.32 1 95.32 0.972 0.38 7.71 
 
4.4.6 Variation of the Pmax and Energy with Substrates 
The same eight aged sealants were tested with four different substrates: 
limestone, granite, quartzite, and aluminum.  Figures 4-12 and 4-13a and b show 
that substrate composition and surface properties affect the interfacial bonding 
significantly.  A sealant may adhere well to one substrate and poorly to another 
substrate.  Therefore, a reference material should be used in a standard test.  

















































































































Figure 4-13b.  Energy Measured for the Bond between Sealants and Substrates 
 
4.4.7 Summary  
It was found that the direct adhesion test is an appropriate qualitative 
method to evaluate interfacial bonding at the application temperature.  The test 
setup and sample preparation are designed to simulate the load applied at the 
interface during crack expansion.  Although the selected displacement rate (0.05 
mm/s) may not resemble field conditions, it can provide a uniform test method 
and consistent test results, provided the test method and specification are 
followed, and annealing time, surface roughness, and cleanliness are consistent 
during testing.  An annealing time of 1hr and conditioning of 45 min before testing 
are recommended to ensure the consistency of the test results. 
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Therefore, this method can be used as a qualitative method to compare 
various pairs of sealant-substrate.  Also, this method can be applied to examine 
qualitatively the effect of different factors such as annealing time, surface 
roughness and crack surface treatment, sealant viscosity, short-term and long-
term aging, and water exposure.  To establish the test parameters, a study was 
conducted to examine if the test parameters can differentiate among sealants 
adequately.  Two parameters, maximum load (Pmax) and Energy (E), were 
considered.  While the E parameter can differentiate among most sealants, Pmax 
was found to better differentiate among sealants.  To check the test repeatability, 
a statistical analysis was conducted, and there was no significant difference 
between operators or between test setups.   
4.5 Blister Test Method 
The third approach is to implement one of the fracture mechanics tests.  
Among potential tests, the blister test was selected.  The first advantage of this 
test is that it does not need mechanical contact with the sealant.  In addition, due 
to the small peeling angle in the blister test, most of the energy is spent on 
breaking the bond instead of deforming the sealant.  Furthermore, since the test 
environment at the interface is the pressurizing liquid, the coupled effect of traffic 
and environment can be simulated by varying the pressurizing fluid.  Finally, 
interfacial fracture energy (IFE), which can be calculated from the test, is a 
fundamental property of the interface. 
4.5.1 Test Procedure  
The blister test method uses a servo-hydraulic pump to control the piston’s 
displacement rate at 0.1mm/s, which corresponds to an alcohol injection rate of 
3.6E-8m3/s.  The induced pressure inside the blister is measured with a Viatran 
pressure transducer.  The transducer resolution is 0.25% of full range, and its 
maximum capacity is 3.5MPa.  The height of the evolving blister is recorded 
using an LVDT with a travel length of ±12mm (Appendix B). 
The test sample is an annular (donut-shaped) disk of substrate (a 
standard material or aggregate) covered on top with a layer of adhesive (crack 
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sealant).  A fluid is injected at a constant rate into the orifice of the disk to create 
a blister.  Figure 4-14 is a schematic of the blister test instrument with an 
aluminum substrate.  During the test, pressure, p, and blister height, d, are 
recorded as functions of time.  These parameters are used to calculate the 




Figure 4-14.  Schematic of Blister Test Apparatus 
 
To prepare an aggregate specimen, a heavy duty masonry saw and a 
coring machine are used.  The irregularly shaped stone is cut on three sides, so 
that the stone can be held in the saw machine.  With the stone confined in place 
in the saw machine, the center hole (25mm diameter) is cut through the chunk of 
stone, and then the core bit is changed to cut the outer perimeter (125mm 
diameter).  The stone is then cut in slices of 10mm to achieve the annular disks, 
which are washed in acetone and distilled water, and then oven dried (Figure 4-
15). 
In addition to aggregate, sealant was tested with aluminum substrates.  
Annular-shaped aluminum substrates are prepared from 6061-aluminum.  The 
inner and outer diameters are respectively 25mm and 125mm, and the aluminum 
substrate thickness is 6.3mm.  To attain uniform surface roughness and cleaning 
conditions for all the aluminum substrates, they are mechanically polished to a 
63µm finish.  To prepare specimens, each aluminum substrate is washed with 
 
Adhesive 






cleaning solvent, water, and alcohol, and then air dried.  To improve the 
repeatability of the test, several cleaning approaches were tried, and the 
aforementioned one was found acceptable.   
The orifice in the substrate (aluminum or aggregate) is sealed using a 
close-fitted aluminum plug flush with the substrate surface.  Even though the plug 
is closely fitted in the orifice, sealants with very low viscosity could enter the tiny 
clearance between the plug and the orifice edge, causing inconsistent test results.  
To solve this problem, and to create a debonding area that represents an initial 
crack at the interface between sealant and substrate (aluminum or aggregate), a 
disk with diameter 27mm is cut from fluoropolymer (FEP) film 0.09mm thick and 
placed on top of the plug.  This film is transparent, and it has adhesive backing 
that can stick to the plug.  Later, the film can be removed from the specimen, 
leaving a crack at the interface.  With an operating temperature range of -100ºC 
to 400ºC, fluoropolymers can resist both the highest pouring temperature (193ºC) 
and the lowest testing temperature (-40ºC).  
To prepare the disk of FEP film, a compass is used to draw a circle with 
diameter 27mm on the film, and a sharp manual punch is used to punch out the 
disk.  To align the film with the center of the plug, a small pin is positioned on the 
disk’s center (marked by the compass), and the plug is placed on the pin.  Each 
plug has a center hole to let the pin pass through.  Because the film is adhesive 
backed, it sticks to the plug.  After placing the film, a silicon-based release agent 
is sprayed on top of the film, to facilitate later removal of the film and the plug.  
This approach substantially improves the test repeatability.  The thin film covers 
the tiny gap, and the film’s later removal creates an initial debond area, 
representing a crack at the interface.   
The hot-poured crack sealant is heated to its suggested application 
temperature, stirred thoroughly, and then poured into a 4.7mm thick mold that is 
assembled on top of the substrate surface (Figures 4-15a, b, and c).  After 1h of 
annealing at room temperature, the sample is trimmed with a heated putty knife, 
leaving a film of 4.7mm on the substrate surface.  The specimen is then placed in 
a cooling bath for 15min, the plug, film, and mold are removed, and the specimen 
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is placed back in the bath for another 30min.  After that, the specimen is placed 
on the blister test device and confined with the support ring.  The outlet valve is 
closed, and the test is conducted at a piston displacement rate of 0.1mm/s 
(alcohol injection rate of 3.6E-8m3/s). 
 
     
Figure 4-15a.  Preparation of the Disk from Stone 
 
 
Figure 4-15b.  Stone Disk Was Replaced by Aluminum 
 
      
 
      
 
    
 
Figure 4-15c.  Sample Preparation Procedure 
Row 1:  Preparation of the Substrate, and Assembling the Molds  
  Row 2:  Casting and Trimming the Sealant, and Assembling the LVDT  





Figure 4-16 presents typical blister test data for three sealants having 
different characteristics.  As the sample is pressurized, the pressure and height 
of the blister increase until pressure reaches its maximum level.  At this point, the 
pressure begins decreasing, while the height keeps increasing until the sealant 
detaches from the substrate completely.  The IFE can be calculated as half of the 
product of the maximum pressure and corresponding blister height, as explained 



























Figure 4-16.  Pressure versus Blister Height for Three Sealants 
 
4.5.2 Feasibility Evaluation  
To examine if the test can differentiate among sealants, six of the sealants 
in Table 3-3 were tested using aluminum substrate at -22°C.  Figure 4-17 shows 
the IFE calculated for the six sealant-aluminum pairs.  Next was to check if the 
test can differentiate among substrates.  The blister test was conducted for 
combinations of three aged sealants (aging was done following the approach by 
Masson and Al-Qadi, 2004), with aluminum, limestone, quartzite, and granite 
(Figure 4-18a), and the IFE was measured for each pair (Figure 4-18b).  To 
indicate aged sealant, the letter “A” is appended to each two letter sealant 
identification code.  The results show that the new blister test not only can 
differentiate among adhesive-adherend pairs, it can also capture the variation 
due to test temperature and substrate material. 
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Figure 4-17.  Interfacial Fracture Energy (IFE) for the Bond 
 between Six Sealants and Aluminum at -22°C 
 
 
Figure 4-18a.  Specimens and Stone Annular Plates Used as Substrates 























Figure 4-18b.  Interfacial Fracture Energy (IFE) for Various Combinations 
 of Three Aged Sealants and Four Substrates at Various Temperatures  
 
4.5.2.1 Cooling Time 
Cooling time should be considered so that the specimen reaches thermal 
equilibrium; this can be calculated knowing the thermal conductivity of the 
sealant and the aluminum plate.  In addition, due to the difference in coefficient of 
thermal expansion between sealant and aluminum, residual stress may develop 
at the interface during sample preparation.  Since sealant is a viscoelastic 
material, it can release this stress with time.  Hence, the cooling time should be 
long enough to let the residual stress vanish prior to testing.  Finally, cooling time 
should be set so that it prevents sealant hardening.  
Because of the hardening effect of cold temperatures on hot-poured crack 
sealant, the shortest time to thermal equilibrium needs to be sought.  The 
required time for the sample of substrate (aluminum plate) and adhesive 
(sealant) to reach thermal equilibrium is calculated using thermodynamic 
principles.  Having properties of the bath liquid, aluminum, and bitumen, the Biot 
number is calculated using Equation 4-3:  
 
K
hLBi =           (4-3) 
 
where 
Bi is Biot Number, 
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h is heat transfer coefficient (W/m2.ºK), 
K is thermal conductivity (J/m.s.ºK), and 
L is mid-plane distance (m). 
 
The Biot number relates the heat transfer resistance inside and at the 
surface of the object.  Then the critical time is calculated using Equations 4-4 or 
4-5, depending on the Biot number calculated in the first step:  
 




10=         (4-4) 
 
  If Bi < 1 Æ 
h
CLt Pρ10=         (4-5) 
  
where 
ρ  is density (kg/m3), 
Cp is specific heat (J/kg.ºK), and 
t is equilibrium time (s). 
 
It was found that the sample reaches thermal equilibrium within 13min, the 
maximum of the respective times for aluminum and sealant (Table 4-16).  
However, potential residual stress development should be considered.   
Residual stress builds up at the sealant-substrate interface when sealant 
is poured hot and then cooled to the test temperature.  The residual (mismatch) 
strain which causes the stress development can be calculated from Equation 4-6 
(Shirani and Liechti, 1998): 
 
)).(( 12 TTfs −−= ααε                (4-6) 
 
where  
ε  is strain developed during cooling;  
αs is coefficient of thermal expansion of the substrate,  
αf is coefficient of thermal expansion of the adhesive (sealant),  
T1 is blister test temperature, and 






















Aluminum 300 0.006 237.00 900 2770 0.008 9 
Bitumen 300 0.005 0.17 600 1000 8.294 13 
* Biot number is a dimensionless number that relates the heat transfer resistance inside and at 
the surface of the object.  
 
Temperature measurements indicated that T2 was 50°C below the sealant 
pouring temperature.  This finding is in agreement with other data presented 
elsewhere (Collins et al., 2006).  For instance, when pouring temperature was 
185ºC, T2 was 135ºC.  At a test temperature T1 of –34ºC, a typical sealant has αf 
of 235 x 10-6m/m/ºC (Figure 3-3), measured by TMA; an aluminum substrate has 
αs of 23 x 10-6m/m/ºC (Table 4-1), and the calculated residual strain is 0.036.  
Allen and Senturia (1988) showed that neglecting the residual strain for elastic 
material led to overestimating IFE.  
In the case of hot-poured bituminous crack sealant, which is a viscoelastic 
material, it appeared that if the sample is placed in a cooling bath for a sufficient 
period of time before running the test, the residual stress would diminish.  To 
estimate the time required to release the residual stress, a creep compliance 
master curve, D (tred) was generated using creep compliance data at different 
temperatures.  The test was conducted using a Crack Sealant Bending Beam 
Rheometer (CSBBR), in accordance with the approach presented by Al-Qadi et 
al. (2006 b).  The temperature superposition principle was implemented to 
construct a master curve of creep compliance D (tred).  Then a ten-parameter 
Voight-Kelvin model (Figure 4-19) was fitted to the value of D (tred), and 
















tGGtD ττ       (4-7) 
















GsD ττ        (4-8) 
 




sE =          (4-9) 
 
Having values of E(s) and using regression, a ten-parameter equivalent Voight-
Kelvin model, Equation 4-10 (Figure 4-20), was fitted to the E(s) data, and the 
model’s parameters were determined.  
 
 












          (4-10) 
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Having these parameters, )(tσ was calculated for the aforementioned step strain 
excitation that developed due to unequal thermal contraction of the aluminum 










tEt τεσ         (4-11) 
 
The assumption of step strain excitation is overestimating the developed 
stress.  In reality, the sealant experiences less stress, because the strain 
develops gradually as the sealant temperature drops.  Even so, Figure 4-21 
shows that the residual stress drops rapidly for sealant NN in the first 20min.  
Additionally, in reality, the specimen temperature decreases gradually to bath 
temperature, so the mismatch strain develops gradually, while stress continues 
to release at a faster rate than mismatch-strain development.  Due to the 
viscoelastic behavior of sealants, it is expected other sealants also release the 
mismatch stresses rapidly.  In addition, to ensure the cooling time is sufficient if 
aggregates are used instead of aluminum, the thermal equilibrium times of 
limestone, granite, and sandstone were found to be 19min, 11.8min, and 20 min, 
respectively.  Therefore, to limit the physical hardening, to allow the specimen to 
reach thermal equilibrium, and to release most of the residual stress, a 20min 
cooling period was selected as the optimum cooling time. 
4.5.2.2 Orifice Size  
Another test parameter is the size of the orifice.  In 1987, Allen and his 
coworkers showed that a larger orifice results in a larger dome, and the initial 
debonding would occur at lower pressure.  Figure 4-22 shows the test results for 
two orifice sizes for the same sealant thickness.  While some of the sealants 
tested using an orifice diameter of 50mm resulted in a relatively large dome with 
vague peak pressure, using an orifice diameter of 25mm resulted in a peak 
pressure that was easily identified for all the sealants.  Therefore, the diameter of 























Figure 4-21.  Residual Stress versus Time for Sealant NN at –34ºC 
 
   
Figure 4-22.  Pressure and Height of the Blister for Two Orifice Sizes 
 
4.5.2.3 Crack Development  
To examine if the crack propagates symmetrically, samples were tested 
using an unloading and reloading process.  A sample was loaded, and the 
alcohol pressure within the blister was increased until the pressure reached its 
maximum and debonding initiated.  At this point, the sample was unloaded and 
then loaded again.  This process was continued until the sealant debonded from 
the substrate completely.  The next replicate was tested using monotonic loading.  
Figure 4-23 shows the two replicates follow the same path, which implies 
symmetric debonding propagation. 
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Figure 4-23.  Unloading and Reloading Process Shows Symmetric Debonding 
 
4.5.2.4 Adhesive Thickness 
Sealant thickness needs to be selected so that the adhesion can be 
measured for various types of sealants having a wide range of characteristics.  
Tests conducted on a very thin film of sealant resulted in either excessive 
deformation for a very soft sealant (WW), or cohesive failure for a relatively brittle 
sealant before any debonding occurred (Figure 4-24).  In the case of a very thick 
film (DD), the deformation of the film was too small, and the resulting blister 
height could not be measured accurately.  A film thickness of 4.7mm was found 
to be appropriate for all tested sealants at various temperatures. 
4.5.2.5 Reversible Deformation  
In order to study sealant behavior before and after debonding initiates, the 
sealant sample was unloaded at two different times during the test progression.  
First, the sample was unloaded before reaching the critical pressure at which 
debonding initiates.  As can be seen in Figure 4-25, most of the deformation 
recovers quickly, and the blister almost disappears, which confirms that sealant 
behaves as viscoelastic material.  The second sample was unloaded right after 
critical pressure.  In this case, although the blister size decreases after unloading, 
it does not recover completely. The residual deformation shows that debonding 





















Sealant WW (h= 2mm)
Sealant DD (h= 8mm)
 
Figure 4-24.  Debonding Behavior of Sealant When Cast 
 in a Thin Layer (WW) and in a Thick Layer (DD)  
 
 
Figure 4-25.  Unloading a Sample before and after Peak Pressure 
 
4.5.3 Analysis Approach  
The blister test has been used mainly for measuring adhesion 
characteristics of thin films, where the ratio of thickness to length of the film is 
quite small.  However, depending on the adhesive property and test geometry, 
three experimental situations can arise: 
 
1) Orifice size is much smaller than the adhesive thickness 
2) Orifice size is about the same as the adhesive thickness  







Correspondingly, several modes of deformation can be distinguished for 
an adhesive layer with built-in edge constraints: 
 
1) stress concentrated in the area around the orifice  
2) bending and shear deformation of the adhesive layer 
3) mid-plane tensile deformation   
 
In order to describe the stresses and displacements in an adhesive layer, 
stress analysis should be conducted.  In the case of an infinite medium and a 
thick plate, a closed-form analytical solution can be derived through plate theory 
(Timoshenko and Woinowsky-Kreiger, 1987; Reddy, 1998; Wang et al., 2000).  
For the case of thin films, numerical analysis can be conducted using membrane 
theory (Bennett et al., 1974; Chu and Durning, 1992; Shirani and Liechti, 1998).  
Assume an adhesive layer is a circular plate of radius a which is clamped 
at the edge and is subjected to a uniform pressure p.  In such a case, 
displacement of a surface is axis-symmetric, so displacement of a point in the 
middle of the plane can be written in terms of radial, u and out of plane, w 













vparw −−=        (4-12) 
 
....))(()( 2321 +++−= rcrccrarru       (4-13) 
 
where 
p is fluid pressure, 
r  is distance from center of the circular film, 
a is radius of the orifice, 
h is sealant thickness, 
w is transversal displacement, 
u(r) is radial displacement, 
E is sealant modulus, and 
ν  is Poisson ratio. 
 
For simplicity, Equation 4-13 can be reduced to Equation 4-14. 
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))(()( 21 rccrarru +−=         (4-14) 
 
The boundary conditions are assumed to be built-in.  This assumption is 
validated experimentally and will be explained in detail later in this chapter.  The 










Knowing the load-displacement equation (Equation 4-12), the strain energy 
stored in an adhesive layer can be determined.  Total strain energy U of the 
system (Equation 4-15) is the sum of strain energy due to bending (Equation 4-
16) and strain energy due to stretching (Equation 4-17). 
 














































+= ∫ ∫        (4-17) 
 
where 
Ub Strain energy due to bending, 










EhN εε θθ +−=        (4-19) 
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In Equations 4-18 and 4-19, εr and εθ are radial and tangential strains in the 










r +=ε         (4-20) 
 
r
u=θε           (4-21) 
 
To calculate coefficients c1 and c2, in order to determine the radial displacement, 










dU          (4-22) 
 
The amount of external work is calculated through Equation 4-23.  
 
∫ ∫= π θ2
0 0
a
pwrdrdW          (4-23) 
The relationship between the maximum pressure and maximum deflection then 




















pa rσ++=         (4-25) 
 
where f, g, and k are functions of adhesive geometry.   
 
Equation 4-25 is the general form which addresses the effects of bending, 
shear, membrane, and residual stresses.  However, to simplify this equation, 
researchers assume the adhesive behaves either as a plate or as a membrane 
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(Allen, 1988; Fernando and Kinloch, 1990).  This assumption is made based on 
the orifice size, the film thickness, and the interface adhesion.  It has been shown 
that for adhesion of 100J/m2, if the ratio of the orifice radius to the adhesive 
thickness is below 10, the blister behaves as a plate (Bennett et al., 1974; Shirani 
and Liechti, 1998).  Because the ratio of the orifice radius to the adhesive 
thickness in this study is selected to be 2.7, assuming plate behavior for the 
sealant is justified; hence, plate theory is selected for the analysis.   
A simplified approach to analyze the displacement-pressure relationship in 
the blister test is the use of classical plate theory (CPT).  This theory does not 
consider the shear effect and is more appropriate for relatively thin plates (Reddy, 
1998; Timoshenko and Woinowsky - Kreiger, 1987).  However, in this study, a 
relatively thick layer of sealant was placed on the aluminum plate, so the shear 
effect may not be neglected.  Using the relationship between the bending 
solution of classical plate theory (CPT) and Mindlin first order shear deformable 
theory (FSDT), the classical plate theory equation (Equation 4-12) is expanded to 
account for the shear effect.  Displacement of a circular plate under axis-






















−+−−=       (4-26) 
 
where 
p is pressure, 
r is distance from the center of the circular film, 
a is radius of the orifice, 
h is sealant thickness, 
d(r) is displacement at distance r from the center of the circular film, 
E is sealant modulus, 
ν is Poisson ratio, 
ks is shear correction factor (5/6 for a circular plate), 
G is shear modulus, 
)1(2 v
EG +=  
 
In addition, displacement with and without shear stress was modeled 
using finite element (FE) code written in MATLAB.  Two degrees of freedom per 
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node and Hermitian shape functions were used to calculate the stiffness matrix 
and load vector.  Figure 4-26 shows the normalized center deflection, d , versus 
radius to thickness ratio (a/h) of the sealant (Equations 4-27 and 4-28).  To 
normalize the center deflection (height of the blister in the center, d0), Equation 4-














hvvd ++−=        (4-28) 
 
where 
d  is normalized center deflection, and 





























Figure 4-26.  Normalized Center Displacement versus Radius to Thickness Ratio 
 
As shown in Figure 4-26, not considering the shear effect in CPT leads to 
underestimating the transversal deformation.  This error increases significantly as 
the ratio of a/h decreases.  It is evident that for a small ratio of a/h, the error is 
substantial.  The FE solutions for both CPT and FSDT are compared with their 
corresponding analytical Equations 4-12 and 4-26 (Figure 4-27).  The analytical 




























Figure 4-27.  Center Displacement versus Radial Distance 
 
4.5.3.1 Sealant Modulus   
From the load-displacement relationship in Equation 4-26, experimental 
data before the peak, referred to as the bulging period of the blister test, can be 
used to predict the adhesive layer modulus (Dannenberg, 1961).  Considering 
the viscoelastic behavior of the sealant, plate theory (FSDT) was selected to 
calculate the sealant’s modulus as a function of time.   
Allen (1988) suggested that if pressure was a cubic function of blister 
height, membrane behavior was dominant.  However, if the relationship between 
pressure and blister height is linear, plate behavior is assumed (Fernando and 
Kinloch, 1990).  As can be seen in Figure 4-28, data before the peak pressure is 
linear (R2=95%).  The small deviation of the data from the straight line toward the 
peak pressure can be attributed to crack nucleation prior to the peak pressure, 
when a crack may initiate.  
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Figure 4-28.  Pressure versus Blister Height, Before and During Delamination, 
 for Sealant Bonded to Aluminum 
 
To address the viscoelastic effect, the modulus can be calculated as a 
function of time (Figure 4-29).  During the bulging period, the boundary condition 

















tptE ++−=        (4-29) 
 
 









4.5.3.2 Interfacial Fracture Energy (IFE)   
To determine the IFE of an interface system, adhesive fracture mechanics 
can be used (Bennett et al., 1974; Cotterell and Chen, 1997).  For the problem of 
adhesion, exact and approximate solutions have been developed from results of 
the pressurized blister test (Williams, 1969; Gent and Lewandowski, 1987; Allen, 
1988).   
Strain energy available for crack propagation in a specimen is generated 
by two superimposed stress fields:  one is from “near field energy” around an 
internal crack in an infinite medium; the other is the far field source, which is due 
to gross deflection of the specimen.   
If the specimen is infinitely thick (h→∞), the far field source approaches 
zero.  That is because the plate is too thick to bend or deflect.  Hence, in that 
case, a Griffith (1921) type analysis for the near field source can be used.  The 
concept of Griffith theory is that the bonding surfaces of any solid have a surface 
tension; when a crack propagates, the decrease in the strain energy is balanced 
by an increase in the potential energy due to this surface tension (Griffith, 1921).  
Sneddon (1946) used this concept to derive the following equation for near field 









−=Γ α         (4-30) 
 
where α is a parameter which accounts for the type of failure; for adhesive failure, 
α = 0.5 (Andrews and Stevenson, 1978).   
To find the energy Γs resulting from the far field source, elastic energy 
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where r and θ are radial and tangential directions in polar coordinates.  











262 ππ +−=Γ          (4-32) 
 
Assuming )1(2 v
EG += , the total energy Γt can be written as the sum of the two 
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)1(3 −+++−=Γ−    (4-35) 
 



















apIFE cc =−+++−= π   (4-36) 
 
The first two terms in the above equation are related to bending and shear, 
respectively.  The last term is due to stress concentration at the crack tip.  If h<<a, 
the two last terms in Equation 4-36 can be neglected, and the equation used by 
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Williams (1969) for pure bending can be applied.  If h>>a, the two first terms can 

























Figure 4-30.  The Function f(h, a) for Various Sealant Thicknesses 
 
However, the adhesive layer in this study is neither of the two extremes.  
In addition, as explained before, the shear effect is quite significant and may not 
be neglected.  Therefore, the first two terms are significant.  Comparing Equation 
4-36 with Equation 4-26, the first two terms can be written in terms of blister 








apdpIFE cc −+=        (4-37) 
 
For a relatively large crack length, the second term in Equation 4-37 can be 
neglected (Sneddon, 1946).  Neglecting the last term, peak pressure multiplied 











This equation has been also presented by Williams and Kelley (1971) as 
follows:   
 
dpIFE ..ϕ=           (4-39) 
 
where  
IFE is interfacial fracture energy,  
ϕ is coefficient of proportionality (a constant which can be set based on geometry 
and material behavior),  
p is pressure, and  
d is blister height. 
 
The parameters p and d are measured in the blister test (Figure 4-28).   
ϕ  can vary from 0.5 to about 0.65, with much controversy over the best value to 
use (Cotterell and Chen, 1997).  If the behavior is plate-like, a value of 0.5 is 
generally accepted (Williams, 1969; Williams and Kelley, 1971; Cotterell and 
Chen, 1997; Allen, 1988; William, 1997).  Perspectives of various authors on the 
values for ϕ are provided in Table 4-17.   
 
Table 4-17.  Coefficient of Proportionality Values as Suggested by Various Authors 
Authors Plate behavior Membrane behavior 
Williams (1969) 0.5 0.6456 
Cotterell and Chen (1997) 0.5   
Allen (1988) 0.5 0.625 
Gent and Lewandowski (1987) N/A 0.6495 
Shirani and Liechti (1998) N/A 0.619 
Fernando and Kinloch (1990) 0.5 N/A 
 
Since IFE is a geometry-independent value, it remains nearly the same as 
the debonding continues.  Therefore, an average of the IFE values during 
debonding (the tail of the Pressure-Displacement graph in Figure 4-28) can be a 
better measure of the interface property than the single value calculated at the 
peak pressure (Gent and Lewandowski, 1987).  To calculate the arithmetic 
average of the IFE, Equation 4-39 was applied along the tail of the Pressure-
Displacement graph (Figure 4-31).   
)]135exp(1[645.0 36.0cd−−
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Another way is to fit a hyperbolic equation (p=C/d) to the tail of the 
Pressure-Displacement graph; the average IFE value can be calculated as the 
constant C divided by two (Figure 4-32).  The values for the average IFE value 
calculated from the arithmetic average and from the curve fitting approach were 
found to be close (101.91J/m2 and 105.5J/m2, respectively, for sealant DD at  
-22ºC).  However, for some sealants, the crack deviates from symmetric growth 
after some propagation, in which case either the average IFE from the first 40s of 
debonding or the IFE value at crack initiation (peak pressure) may be used.  
During the first 40s of debonding, cracks were found to propagate symmetrically, 
provided catastrophic failure does not occur.  At this point, both values are 

















 IFEavg = 101.91 J/m2, Cov= % 5.49
 IFEpeak = 80.31 J/m2
 






















Figure 4-32.  IFEavg Using a Hyperbolic Curve Fit to the Tail of the Graph 
 
4.5.3.3 Examining Boundary Conditions    
The above equations were derived assuming the built-in boundary 
condition.  In reality, some rotation may exist at the boundary of the bulging 
sealant.  To check the validity of this assumption, both the simply-supported and 
the built-in boundary condition were considered.  The transversal-displacement 
equation for each case was derived (Equations 4-40 and 4-41).  It was shown 
that for a uniformly-loaded circular plate, the shear contribution in transversal 


















































+−−=   (4-41) 
 
To plot the pressure-displacement curve for each scenario and compare it 
with experimental results, one needs to obtain the sealant modulus from a 
separate test.  The three-point crack-sealant bending beam rheometer (CSBBR) 
test was found to be appropriate (Al-Qadi et al., 2006 (b)).  In this test, the 
sealant is exposed to the same mode of loading as in the blister test.  From 
CSBBR, the initial modulus of sealant DD at -34ºC was measured to be 135MPa.  
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Figure 4-33 compares the analytical results for the two boundary conditions.  The 
built-in boundary condition appeared to be a better assumption and was selected 
for further analysis.  As expected, the experimental data points deviate from the 
analytical curve as the blister height increases.  That is attributed to the 
viscoelastic property of the sealant; the sealant’s modulus decreases with time 



























Figure 4-33.  Comparison between the Analytical and Experimental Results, 
 Using the Modulus Value from a CSBBR Test 
 
4.5.3.4 Sensitivity Study for Poisson’s Ratio    
For the analysis of the data in this study, Poisson’s ratio was assumed to 
be 0.3.  However, it should be noted that Poisson’s ratio of the sealant varies 
directly with temperature and time.  Therefore, a sensitivity analysis of the 
analytic solution (built-in boundary condition) with respect to Poisson’s ratio 
varying between 0.2 and 0.35 was conducted (Figure 4-34).  The variation of the 
slope of the Pressure-Displacement curve is below 10%, which is well within the 
test variation.  In addition, at the range of test temperatures, the variation in 



























Figure 4-34.  Sensitivity of the Analytic Solution (Built-in Boundary Condition) 
 to the Value of Poisson’s Ratio 
 
4.5.4 Test Repeatability 
The aforementioned test procedure and analysis were initially used for a 
set of experiments involving 12 sealant-aluminum pairs to check test variability.  
Figures 4-35 and 4-36 show that IFE can differentiate among sealant-aluminum 
pairs at various temperatures.  The average coefficient of variation for these 
sealants was found to be 8.8% (Table 4-18).  This testing variability is mainly 
attributed to differences in the tested material.  In fact, the size of the filler (and/or 
rubber) material between the tested replicates could be different, which could 
affect the measured viscosity.  Although manufacturers usually add the 
appropriate percentage of filler (and/or rubber) with the exact maximum size, the 
























Figure 4-35. IFE Values for Sealants to Aluminum 
























Figure 4-36. IFE Values for Sealants to Aluminum 









Table 4-18.  Coefficient of Variation for Each Sealant Tested at Specific Temperature 
Temperature (°C) 
Sealant 2 -4 -10 -16 -22 -34 -40 
AD       7.43 
BB       0.29 
PP       1.40 
NN      4.99 25.81 
LL     4.77 9.65  
AE     5.38 18.95  
MM     10.81   
EE    6.31 1.54   
DD   6.41 3.90 6.13   
UU   14.94  12.84   
AB  6.11      
QQ 18.98       
Average 8.77 
 
4.5.5 Finite Element Modeling for a Stationary Crack 
As mentioned before, the built-in boundary condition was assumed for the 
analysis.  In addition, the sealant was assumed to follow first order shear 
deformable theory assumptions, in which the applied forces are carried only 
through bending and shear, and the membrane effect is neglected.  To conduct a 
more conclusive analysis, a viscoelastic three-dimensional finite element model 
was developed using ABAQUS 6.6 (Figure 4-37); a three-term Prony series 
model (Equation 4-42) was used to define the viscoelastic property of the sealant.  
Prony series parameters were determined using CSBBR (Al-Qadi et al., 2006 












−−= ∑         (4-42) 
 
where, 
E(t) is sealant modulus at time t; 
E0 andξ are material constants; and 
ρ  is retardation time. 
 
Mesh sensitivity was conducted using stress and deformation comparison 
for the upper central element (Figure 4-37); a model with element sizes of 1mm, 
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0.8mm, 0.7mm, 0.5mm, and 0.4mm was developed and analyzed  
(Figures 4-38a and b).  The element size of 0.5mm was selected for further 
analysis.  A linear pressure of 100kPa was applied on the 12.5mm-radius 
opening for 30sec.  Strain energy and dissipated creep energy were calculated 
for ten sealants at various temperatures (Figures 4-39a and b).   
Strain energy was calculated separately for the same material properties 
and loading condition using an analytical equation (Equation 4-33).  To do so, a 
Prony series (Equation 4-42) was used to calculate the modulus at 30 seconds.  
Then this value for the modulus was substituted in Equation 4-33 to calculate 
total strain energy. 
Figure 4-40 shows the difference between the numerical and analytical 
approaches plotted versus creep-dissipated energy.  As can be seen, this 
difference increases with the increase in the viscous contribution.  Hence, while 
the analytical approach can be appropriate for a relatively low temperature (high 
loading rate), in cases of high temperature (low loading rate), the numerical 
approach is preferred.  However, it should be noted that at high temperature (low 
loading rate), crack expansion may be low, and the sealant may be soft enough 
to expand and relax stresses through bulk deformation.  So at high temperature 
(low loading rate), the interface may not be exposed to a high amount of stress, 
and adhesive failure may not occur.  The built-in boundary condition assumption 
may also give rise to variation between the analytical and numerical approaches.  
In reality, some rotation at the boundary may occur.  This rotation is expected to 
be small when the blister height is small.  The rotation may increase with blister 
height.  Therefore, while the built-in boundary condition assumption may be 
appropriate for a small blister; it is not valid when the blister height is relatively 
large.  
Using the ratio between the strain energy values calculated through 
numerical and analytical methods, a correction coefficient C(T) was developed 
(Figure 4-41).  As expected, this coefficient is a function of temperature.  From 
limited available data, this coefficient was defined for two environmental 
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conditions.  Another approach is to report the ratio of the IFE of each pair of 
sealant-aluminum to the IFE of a reference material to aluminum.  
 
Table 4-19.  Prony Series Parameters for Sealant Used in Numerical Modeling 
 (after Al-Qadi et al., 2006 (b)) 
Sealant Temp (°C) Eo (MPa) ξ1(MPa) ρ1(t) ξ2(MPa) ρ2(t) ξ3(MPa) ρ3(t) 
-10 49.11 5.79E-01 1.61E+00 2.11E-01 23.42 1.63E-01 287.36 
AB -4 35.64 5.90E-01 1.63E+00 2.08E-01 22.63 1.51E-01 273.08 
-40 71.76 7.46E-01 1.34E+00 1.50E-01 17.59 7.56E-02 160.8 
BB -34 33.83 7.17E-01 1.41E+00 1.80E-01 18.58 8.94E-02 236.8 
-40 151.19 4.85E-01 2.49E+00 4.78E-01 42.52 1.24E-02 148.84 
DD -34 88.78 6.12E-01 1.91E+00 1.83E-01 25.63 1.71E-01 70.87 
-40 271.86 5.96E-01 1.79E+00 2.11E-01 19.76 1.43E-01 217.8 
-34 171.28 6.58E-01 1.61E+00 1.86E-01 19.55 1.22E-01 227.5 
MM -28 35.06 6.73E-01 1.52E+00 2.02E-01 18 9.16E-02 71 
-40 193.05 6.95E-01 1.49E+00 1.77E-01 18.38 8.87E-02 201.2 
-34 85.22 7.15E-01 1.40E+00 1.64E-01 18.1 8.73E-02 181.4 
NN -28 35.8 7.13E-01 1.39E+00 2.26E-01 19.3 3.59E-02 173.6 
-40 230.52 7.95E-01 1.09E+00 1.40E-01 17.21 5.13E-02 171.34 
PP -34 87.02 7.56E-01 8.53E-01 1.57E-01 9.52 6.28E-02 74.74 
-10 410.77 4.76E-01 2.32E+00 2.66E-01 22.86 2.08E-01 280 
QQ -4 233.57 6.56E-01 1.69E+00 2.01E-01 15.93 1.09E-01 104.9 
-40 509.27 5.00E-01 2.48E+00 2.63E-01 23.55 1.88E-01 274.9 
-34 149.14 6.91E-01 7.07E-01 1.79E-01 10 1.03E-01 75.42 
WW -28 60.61 7.72E-01 1.29E+00 1.98E-01 20.3 1.30E-02 245.7 
-10 104.2 5.16E-01 2.05E+00 2.44E-01 21.75 1.89E-01 240 
YY -4 31.78 7.41E-01 1.42E+00 1.61E-01 15.12 7.29E-02 117.6 
-10 118.46 6.01E-01 1.12E+00 2.06E-01 13.33 1.35E-01 111.23 
ZZ -4 41.77 6.37E-01 1.39E+00 1.99E-01 20.16 1.18E-01 194.12 
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Figure 4-39b.  Creep Dissipated Energy from 3D Finite Element Model 
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Figure 4-40.  Difference in Strain Energy Calculated  
through Analytical and Numerical Approaches 
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C(T) = -0.02T + 0.063













Figure 4-41.  Correction Coefficient for Strain Energy Calculated Using Analytical Equation 
 
4.5.6 Summary  
The blister test results allow the calculation of IFE, a fundamental property 
of the interface, as an indicator of adhesion.  An extensive experimental program 
conducted in this study proved this test can differentiate among adhesive-
adherend pairs at various temperatures.  Therefore, this test can be used to 
evaluate the bonding characteristics of sealant-aggregate.  Due to the 
characteristics of the test, it is mainly aimed to suit research needs. The average 
coefficient of variation for 12 sealants was found to be 8.8%, which is acceptable.    
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5. Chapter 5  
Effect of Test Parameters on Interfacial Bonding 
Proper crack-sealant application is important to ensure adequate 
performance of the material throughout its service life.  Although poor preparation 
and inadequate cleaning of routed cracks are major contributors to early failure, 
crack-sealant installation variables directly affect the sealant’s adhesive, bulk, 
and aging properties, especially during its short-term service life.  Adequate initial 
bonding to crack walls is critical to long-term sealant performance.  Among 
parameters which affect initial bonding are sealant viscosity, aging, and 
annealing time.  Other factors such as temperature and loading rate also affect 
interfacial bonding and consequently sealant performance.   
5.1 Effect of Sealant Viscosity on Interfacial Bonding  
To investigate how sealant viscosity can affect the adhesion of sealant to 
a flawless nonporous aluminum substrate, a standard test method was needed to 
measure sealant viscosity at various temperatures.  Due to lack of such a test, a 
viscosity test method was developed as part of this study and used in the 
experiments.  
For optimum performance, a sealant at installation should penetrate into 
HMA, fill the crack-wall voids, and follow the surface irregularities.  Subsequently, 
a sealant while in service should not experience high flow at high temperature 
under pressure from tires.  Therefore, laboratory-measured parameters indicative 
of the expected success of the installation need to be specified and adopted.   
Although Chehovits and Manning (1984) and Masson and Lacasse (2000) 
showed that crack-sealant viscosity has a significant impact on the success of 
installation, research efforts to quantify the effect of viscosity at application 
temperature on sealant performance have been limited.  In this research, 
attempts were made to quantify the effects of sealant viscosity specifically on 
interface bonding.  
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5.1.1 Establishing A Test Method for Viscosity Measurement  
In order to develop a test able to fulfill the requirements mentioned above, 
the Brookfield rotational viscometer was selected as an outcome of the ongoing 
project to develop performance-based guidelines for the selection of hot-poured 
crack sealants (Al-Qadi et al., 2006 (a)).  The Brookfield viscometer has proven 
to be extremely reliable with regard to the accuracy and reproducibility of results.  
In addition, it is currently being used to measure the viscosity of asphalt binder 
(ASTM D4402), and it is already available in most Departments of Transportation.  
Therefore, a test method was developed by modifying this equipment to work for 
both asphalt binder and crack sealant.  The test variation within a laboratory, 
including variation between equipment, operators, and replicates, was 
determined through statistical analysis.  In order to determine the test precision 
and bias, round robin testing was conducted among seven laboratories.     
5.1.1.1 Experiment Program 
Various factors may affect the measured viscosity of hot-poured crack 
sealant.  Before setting limits on the measured viscosity, it is essential to identify 
the material characteristics that influence the rheological behavior of hot-poured 
crack sealant.  These characteristics would need to be set at reasonable limits, to 
simulate field installation as closely as possible.  Since hot-poured crack sealants 
behave as non-Newtonian fluids, variation in the experiment parameters 
(equipment, spindle speed, temperature, sealant type, and container size) would 
affect the measured values; hence, a test setup and testing parameters were 
identified (Al-Qadi et al., 2006 (a)).   
Three sealants were selected: the expected softest and stiffest sealants, 
and a medium-stiffness sealant.  The three sealants were BB, QQ, and NN, 
respectively.  The installation temperature recommended by the manufacturer 
was used as testing temperature (193°C for sealants BB and QQ, and 185°C for 
sealant NN).  The sealants were tested inside a container with diameter 
19.05mm.  A specially-designed rod was used to connect the spindle.  Each 
sealant was tested in four replicates (the best three results from four replicates 
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were reported).  Although several testing parameters were modified, the 
procedure specified by ASTM D4402 was followed as a general guideline. 
5.1.1.2 Field Conditions at Installation 
Laboratory conditions should simulate sealant installation conditions as 
closely as possible.  In the field, the sealing operation consists of installing 
sealant materials into routed and cleaned reservoirs or cracks in flexible 
pavements.  A Thermosel unit is typically used to change the sealant materials 
from the solid state to the liquid state and to ensure thermal consistency of the 
sealant during application.  When sealant reaches the recommended application 
temperature, it is then applied to the crack through a pump-fed applicator wand 
and nozzle. 
A critical issue was to determine the shear rate imposed on the material 
during application.  In the field, an application wand with an inner diameter 
ranging from 19.05mm to 25.4mm is commonly used.  A nozzle with an inner 
diameter of 12.7mm is then connected to the wand to allow for higher precision 
during sealant application.  The sealant application rate, which depends on the 
depth of the crack, ranges from 63cm3/s for shallow cracks to 378.5cm3/s for 
deep cracks.  Assuming a steady flow and no slippage at the crack wall, it can be 
shown that the shear rate for a Newtonian fluid can be calculated as follows 






πγ =&           (5-1) 
  
where 
γ&   is shear rate (s-1), 
Q  is volumetric rate (cm3/s), and 
R  is inner radius of the pipe (cm). 
 
Using Equation 5-1, the shear rate imposed on the material during installation 
was calculated, and the corresponding spindle speed, using spindle SC4-27, was 
determined as follows: 
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νγ K=&           (5-2) 
 
where 
K  is spindle constant (so called shear rate constant, for instance SRC=0.34 for SC4-27) ν   is velocity of the spindle (rpm), and 
γ&   is shear rate at the surface of the spindle (s-1),   
 
It was found that a spindle speed ranging from 115rpm to 5536rpm should 
be used to simulate the shearing of the sealant as it enters the crack during 
installation.  However, a significant reduction in the shear rate may occur as the 
sealant exits the applicator wand, due to the sharp temperature drop as well as 
the high friction with the crack walls.  It has been shown that a drop of more than 
50ºC could occur as the sealant enters the crack (Collins et al., 2006).  In 
addition, important factors that may affect the selection of the spindle speed are 
the stability and repeatability of the measurements at the selected speed.  
Although the SuperPaveTM currently-adopted Brookfield Thermosel system is not 
a high-shear rheometer, the maximum allowable spindle speed is 250rpm.  After 
extensive testing, it has proven to be sufficient for sealant testing as presented 
below.   
5.1.1.3 Sample Preparation 
Homogenized sealant prepared in accordance with ASTM D5167 was 
adopted.  Such a procedure usually results in a homogenized beam with a cross-
sectional area no greater than 25x25mm.  The sealant was obtained from the 
homogenized beam by cutting small vertical pieces.  These vertical pieces were 
then cut into cubes with a cross-sectional area less than 5x5mm (Appendix C).  
The sealant cubes should be small enough to be inserted into the Thermosel 
sample chamber without adhering to the edge of the container.  This process 
was repeated until a sample weight of 10.5±0.1g was obtained.  No sealant is 
lost to the sides of the container during sample preparation when this procedure 
is followed.  Therefore, the tested sample weight would not be affected.   
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5.1.1.4 Testing Procedure 
Viscosity was measured for 15 sealants.  The rationale for selecting these 
products was the availability of field performance data, being the hardest or the 
softest sealant, or extreme rheological behavior (Tables 5-1a and b).  All sealants 
were homogenized and prepared in accordance with the procedure presented by 
(Al-Qadi et al., 2006 (a)).  Specimens were tested at manufacturer-recommended 
installation temperatures in four replicates.  The best three results were reported.  
To conduct the test, spindle SC-27 is assembled in the viscometer, and the 
spindle speed is set to 60rpm.  The specimen is then placed in a Thermosel, 
preheated at testing temperature.  After 20min, the spindle starts to rotate, and 
data is recorded after 30s of spindle rotation.  The results in Table 5-1a show 
that:  
• Recommended installation temperature (T) varies greatly, ranging 
from about 150°C to 195°C.   
• Results were repeatable and reliable.  The average coefficient of 
variation for all tested sealants was 4.1%, with a minimum of 1.5% 
and a maximum of 8.9%. 
• The lowest viscosity was 0.5Pa.s for sealant AD and the highest 
viscosity was 7.0Pa.s for sealant YY. 
 
Table 5-1a.  Viscosity Testing Results of 15 Selected Sealants Using HADVIII Viscometer 
Apparent Viscosity (Pa.s) Sealant T (ºC) 





BB 193 1.825 1.725 1.708 1.753 0.063 3.60 
DD 193 4.358 3.992 4.275 4.208 0.192 4.57 
MM 170 1.642 1.700 1.633 1.658 0.036 2.19 
NN 185 6.475 6.025 6.567 6.356 0.290 4.56 
PP 193 3.042 3.000 2.950 2.997 0.046 1.53 
VV 149 0.967 0.983 0.933 0.961 0.025 2.65 
WW 188 2.558 2.667 2.500 2.575 0.085 3.28 
AD 188 0.442 0.500 0.442 0.461 0.034 7.30 
AE 189 1.567 1.717 1.633 1.639 0.075 4.59 
UU 193 2.625 2.475 2.500 2.533 0.080 3.17 
EE 193 1.783 1.742 1.858 1.794 0.059 3.29 
QQ 193 4.883 4.875 4.417 4.725 0.267 5.65 
YY 177 7.000 7.567 6.317 6.961 0.626 8.99 
ZZ 193 4.058 4.350 4.058 4.156 0.168 4.05 
AB 177 5.908 6.183 5.925 6.006 0.154 2.57 
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To develop the test procedure, the HADVIII model viscometer was used 
(Al-Qadi et al., 2006 (a)).  The tests were repeated with another model, the 
RVDVIII viscometer (Table 5-1b), and there was a significant difference between 
the results of the two models.  The RVDVIII model had better repeatability, with 
an average coefficient of variation of 3%, in contrast to that of the HA model, 
which was 4%.  Therefore, the RV viscometer was utilized for establishing the 
test precision and bias.  In addition, because most pavement testing agencies 
own the RV viscometer, it was appropriate to use.   
 
Table 5-1b.  Apparent Viscosity Testing Results of 15 Selected Sealants  
Using an RVDVIII Viscometer 
Apparent Viscosity (Pa.s) 





BB 193 1.179 1.229 1.166 1.19 0.03 2.79 
PP 193 2.612 2.566 2.829 2.67 0.14 5.26 
WW 188 1.879 1.891 1.925 1.9 0.02 1.26 
UU 193 2.237 2.312 2.125 2.22 0.09 4.23 
EE 193 1.292 1.296 1.275 1.29 0.01 0.87 
AE 188 1.85 1.892 1.642 1.79 0.13 7.46 
AD 188 0.512 0.475 0.487 0.49 0.02 3.84 
MM 170 1.133 1.1 1.145 1.13 0.02 2.07 
VV 149 0.879 0.896 0.893 0.89 0.01 1.02 
QQ 193 3.362 3.47 3.495 3.44 0.07 2.06 
NN 210* 4.037 4.02 3.941 4.0 0.05 1.28 
YY 187* 2.883 2.77 3.12 2.92 0.18 6.11 
DD 233* 4.25 3.883 4.016 4.05 0.19 4.58 
AB 183* 3.504 3.412 3.266 3.39 0.12 3.53 
ZZ 233* 4.5 4.3 4.2 4.33 0.15 3.53 
 
5.1.1.5 Variation within and between Laboratories 
Statistical analysis was conducted to estimate variation within laboratories.  
The repeatability of the viscosity test results for the same sealant was acceptable, 
with an average coefficient of variation of 3% (Table 5-1b).  However, it must be 
emphasized that control of several factors is essential to ensure repeatability of 
the measurements.  Viscosity is highly sensitive to temperature, so controlling 
temperature within ±1°C is essential.  Although early research recommended a 
temperature control within ±0.02°C (Wazer et al., 1963), tolerance of ±1°C in the 
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Thermosel led to acceptable reproducibility.  Another concern is the homogeneity 
of the sealants, especially with products containing a high percentage of rubber 
and filler.  ASTM D5167 (Standard Practice for Melting of Hot-Applied Joint and 
Crack Sealant and Filler for Evaluation) is recommended to ensure homogeneity 
of the sealants.  In addition, the steps presented under specimen preparation 
should be followed.  As recommended by ASTM C670 standards, the precision 
of individual viscosity measurements needs to be checked.  The maximum 
acceptable range for individual measurements is obtained by multiplying the 
standard deviation of the measurements by a factor reflecting the number of 
replicates.  For three replicates, this factor is 3.3; for four replicates, it is 3.6. 
To evaluate data variability between operators, two operators tested 
sealants BB, PP, and WW individually.  A standard analysis of variance (ANOVA) 
was conducted to check whether the results of the two sets of tests were 
statistically different.  The results showed no statistical evidence that the 
measured viscosity was different at a level of significance of 5% (Table 5-2).  
This part of the study shows that the effects of the viscometer rod, RV viscometer, 
and operator are insignificant. 
 
TABLE 5-2.  Analysis of Variance between Two Operators 
Sealant SS df MS F P-value F critical 
BB 742.15 1 742.15 5.47 0.08 7.71 
PP 57558.7 1 57558.7 2.25 0.21 7.71 
WW 488.94 1 488.94 0.46 0.54 7.71 
 
To investigate the repeatability of the viscosity test between laboratories, 
seven laboratories conducted the tests.  They are labeled as participant 1 to 7, 
respectively: Connecticut, New Hampshire, Minnesota, University of Illinois, 
Virginia, Texas, and Illinois.  Each laboratory was provided with 28 samples 
ready to be tested (seven different sealants in replicates of four), the step-by-step 
procedure, and the special rod required for testing.  All tests were conducted 
using an RV-Brookfield viscometer.  Two of the sealants were supposed to be 
out of the range at the specified rotational velocity and spindle number.  All 
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participants used the same viscometer model (RV), and all of them found these 
two sealants above the acceptable limit of the viscometer.  The data related to 
these two sealants were not included in the analysis.  The F-test appeared to be 
an appropriate statistical method for multiple comparisons (seven groups).  
Analysis of variance and multiple data comparison were conducted for the seven 
groups.  Procedures for analysis of variance require the following assumptions:  
• Each group is an independent random sample from a normal population. 
• In the population, the variances of the groups are equal. 
 
The average coefficients of variation within and between laboratories were 
found to be 1.6% and 6%, respectively.  Maximum permissible differences within 
a laboratory and between laboratories were defined to be 5.4% (among the best 
three readings out of four) and 17% (between the tests conducted in two 
laboratories), respectively.  These values are comparable with those of asphalt 
binder: 3.5% and 14.5% based on ASTM D4402, and 3.5% and 12.1% based on 
AASHTO T316.  Considering the high percentage of polymer and crumb rubber 
present in sealant, the temperature sensitivity of the sealant, and chances for 
segregation of some sealants, the reproducibility of the tests is within an 
acceptable range (Al-Qadi et al., 2007).  
5.1.2 Variation of Viscosity with Temperature  
Although it is important to control sealant temperature during installation, 
sealant temperature usually varies during installation due to several reasons.  
Some kettles cannot control temperature very precisely.  In addition, due to 
temperature variation at different levels of the kettle, sealant at a lower level may 
receive more heat than that at a higher level.  In addition to the drop in sealant 
temperature during installation, there is variation among producers in 
recommended heating temperature; some give a range of 20°C, and some set a 
specific heating temperature.  Sealants show different sensitivity to temperature 
variation (Al-Qadi et al., 2006 (a)).  For example, increasing temperature leads to 
decreasing sealant viscosity.  As can be seen in Figure 5-1a, this variation is 
sealant dependent.  On the other hand, after a temperature drop of 10°C, the 
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viscosity of sealant YY increases about 2%, but sealant NN shows more than a 
35% increase in viscosity (Figure 5-1b).  While the performance of sealant YY 
may not vary with such a temperature drop, that of sealant NN may change 
drastically.  Since sealant temperature drops by as much as 50°C by the time the 
sealant enters the crack (Collins et al., 2006), viscosity variation would be even 
higher, and its effect on interface bonding can be very significant.  Therefore, the 

































Figure 5-1a.  Percentage Drop in Apparent Viscosity 



































Figure 5-1b.  Percentage Increase in Apparent Viscosity 
 due to 10°C Drop in Testing Temperature 
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5.1.2.1 Effect of Viscosity and Sealant Composition on Bonding 
Characteristics 
During installation, sealants are heated to a liquid state so that they can 
be poured into joints or cracks of irregular profile.  The higher the heating 
temperature, the more liquid the sealant becomes.  Consequently, installation 
crews sometimes have a tendency to use temperatures higher than the 
recommended installation temperature to achieve a greater production rate, but 
the effect of temperature is material dependent.  A 10°C increase in temperature, 
for instance, causes a decrease of 11% to 50% in viscosity (Figure 5-1a).  A 
lower viscosity sealant may more easily wet the irregular crack surface (Masson 
and Lacasse, 2000) and consequently provide a better bond (Svec et al., 1997), 
but the higher temperature required to achieve the lower viscosity can degrade 
the sealant and affect its elasticity (Masson et al., 1998).  The temperature and 
the viscosity of sealants during installation thus affect performance, but few 
researchers have investigated this relationship (Masson et al., 1998). 
The viscosity of seven sealants was measured at 140°C to 200°C (Figure 
5-2a).  As expected, the viscosity decreased with a rise in temperature.  Since 
viscosity is a complex function of sealant composition, not all sealants showed 
the same trend, although all sealants showed a non-linear decrease of viscosity 
with a rise in temperature.  As will be discussed below, viscosity affects bonding 
characteristics, but a short digression on the effect of composition on viscosity is 
instructive.  
In polymer-modified bitumen, a rise in polymer concentration or an 
increase in polymer molecular weight (i.e., chain length) promotes viscosity 
(Masson et al., 2003) because of chain entanglement (Mark et al., 1993).  In 
rubber asphalt, the swelling of ground-tire rubber (GTR) with asphalt oils (Airey et 
al., 2003) imparts elasticity and raises viscosity (Shen and Amirkhanian, 2005).  
Given that bituminous sealants can contain a styrene-butadiene (SB)-type 
copolymer, GTR, or both (Masson et al., 2002), sealants can be viscous due to 



























Figure 5-2a.  Effect of Temperature on Sealant Viscosity 
 
Simple rheological fluids show a linear (i.e., Arrhenius) relationship in plots 
of log viscosity vs. 1/T (Mezger, 2002).  For sealants, such representation 
reveals that sealants DD, QQ, and YY are complex fluids, as shown by the 
curved dotted lines in Figure 5-2b. In contrast, sealants AD, AE, WW, and NN 
are simple rheological fluids as shown by the lines of constant slope.  These 
sealants thus contained little gelled, cross-linked material like swollen GTR that 
would prevent simple flow.  The data on sealant composition in Table 5-3 show 
that this is the case. Another indication of relative composition is the viscosity 
itself.  Sealants AD, AE and WW had a much lower viscosity than the other 
sealants (Figure 5-2b). At 180°C (1/T =0.0022), for instance, they had viscosities 
near 2Pa.s or lower, whereas sealant DD did not become so fluid until 200°C 




Figure 5-2b.  Arrhenius Representation 
 of the Effect of Temperature on Sealant Apparent Viscosity 
 
The concentration of styrene-butadiene (SB) copolymer in sealants was 
measured by infrared spectroscopy (Masson et al., 2001). The polybutadiene 
band at 966cm-1 and the polystyrene band at 699cm-1 were used to calculate that 
concentration (Masson et al., 2002).  The concentration of GTR in sealants was 
measured after a combination of solvent extraction and pyrolysis.  In a first step, 
1g of sealant was extracted with trichloroethylene on a Soxhlet extractor (Vogel, 
1989).  After drying and weighing, the insoluble material was burned in a muffle 
furnace at 620°C.  From the calcium oxide residue, the content of calcium 
carbonate filler and GTR was calculated. 
Table 5-3 shows that sealant AD had a high content of mineral filler, 19%, 
and yet the lowest viscosity.  This suggests that fillers play a minor role in the 
viscosity of sealants.  Despite its low viscosity, sealant AD surprisingly had the 
highest polymer content, 8.1%.  Given that it is the entanglement of long polymer 
chains that raise viscosity, the low viscosity of sealant AD indicated that it 
contained a polymer of low molecular weight with little capacity for 
entanglements and viscosity enhancement. 
Overall, the apparent viscosity of the sealants correlated best with the 
content of GTR (Table 5-3).  Sealants DD, QQ, and YY displayed the highest 
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viscosities (Figure 5-2b) and the highest GTR contents.  Obviously, the SB 
copolymer and its molecular weight also play a role. Sealant QQ, for instance, 
showed a viscosity higher than sealant DD, yet its concentration in GTR and SB 
was only half as high.  This demonstrated that the molecular weight of the 
polymer in QQ was greater than that in DD.  
 
TABLE 5-3.  Viscosity of Some Sealants and Their Composition 
 AD AE WW DD QQ YY NN 
Viscosity*, Pa.s 0.6 1.9 2.8 4.5 5.9 6.9 8.6 
Filler (mass %) 19 ND 3.1 10 2.5 4 ND 
SB§ (mass %) 8.1 ND 5.9 6.8 3.5 1.4 ND 
GTR† (mass %) 0 ND 3 18 9 24 ND 
GTR + SB 8.1 ND 8.9 24.8 12.5 25.4 ND 
* At 180°C. §Styrene-butadiene-type copolymer. †Ground-tire rubber.  
ND: not determined 
 
To investigate the effect of apparent viscosity on the interfacial fracture 
energy, the sealants were poured at two temperatures on the aluminum 
substrate used for the blister test.  The highest temperature of 200°C provided for 
the lowest viscosity.  A lower temperature was selected so as to provide a 
viscosity at least 1Pa.s higher than at 200°C, but not more than 3Pa.s higher 
(Table 5-4). 
 
TABLE 5-4.  Pouring Viscosity (Pa.s) for Blister Specimen Preparation 
Temperature, °C 




AD 2.1    0.4 1.7 
AE  2.3   1.2 1.1 
WW  2.6   1.5 1.1 
DD    4.2 2.1 2.1 
YY   7  4 3 
NN    6.1 4.7 1.4 
QQ    5.1 3.4 1.7 
 
The effect of viscosity on sealant IFE is shown in Figure 5-3.  As can be 
seen, the higher viscosity provided for a greater IFE.  These results complement 
the results of Svec et al. (1997), who poured one sealant at two viscosities in an 
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HMA rout and measured a better adhesion at lower viscosity.  A low-viscosity 
sealant can develop a good bond with a rough surface, by interlocking within the 
surface pores (Masson and Lacasse, 2000).  However, if wetting of the surface is 
obtained (as with the smooth aluminum substrate), high-viscosity sealants show 
a better bond.  This clearly demonstrates that sealant bulk properties play a key 
role in interface bonding, which is consistent with the viscoelastic response of 
















Figure 5-3.  Interfacial Fracture Energy at 2°C to –40°C  
after Pouring Sealants at High and Low Viscosities 
 
It was found that viscosity plays an important role in the development of a 
bond.  Sealants with high viscosity are usually faulted for incomplete coverage 
and the consequent weak bonds.  However, results of these experiments showed 
sealants at high viscosity adhere better as long as they cover the surface 
adequately.  Adequate coverage can be facilitated by modifying the installation 
equipment so the sealant can fill the crack more effectively.  Comparing the 
amount of GTR and mineral filler among sealants shows that the sealants with a 
lower percentage of GTR are less sensitive to temperature and viscosity changes 
(Table 5-4, and 5-5, Figures 5-4 and 5-5).  However, since sealant viscosity, and 
consequently adhesion, are affected by the polymer content and molecular 
weight, further investigation is needed to interpret the findings more profoundly. 
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Table 5-5.  Increase in Adhesion at Lower Installation Temperature, 
 and Composition of Insolubles (after Al-Qadi et al., 2008) 
Sealant 




as % of 
Insolubles 
GTR as % of 
Insolubles 
YY 1 13 87 
DD 6 35 65 
WW 35 90 10 
QQ 56 75 25 
AD 61 100 0 
 
The lower IFE for sealant at low viscosity can be due to segregation of the 
polymer in the sealant, which may occur at high temperature.  This could be 
verified using GPC (Gel permeation chromatography) or FTIR (Fourier Transform 
InfraRed) spectroscopy.  Measurement of polymer content and molecular weight 
may help better describe the relationship between viscosity and adhesion.  In 
summary, controlling temperature in the kettle can help reduce the variation in 
field performance.  However, the key factor is selection of the temperature to 
achieve optimum viscosity.  The optimum viscosity should ensure ease of 

































Figure 5-4.  Composition of Sealant as a Percent of Insolubles 























Figure 5-5.  Increase in IFE at Lower Installation Temperature 
 
5.2 Effect of Aging 
Sealants are installed as hot liquid so that they can fill irregular crack 
profiles.  However, excessive temperature and long heating times can degrade 
the sealant and affect its properties (Masson et al., 1998).  In practice, an 
installed sealant has already aged in the kettle, and the sealant ages further in 
service due to weathering.  It was thus of interest to briefly investigate the effect 
of aging on bonding characteristics.  
Since aging changes sealant chemistry, aging affects a sealant’s 
rheological behavior and the sealant’s interaction with any other material, such 
as crack-wall HMA.  Some sealants degrade during aging and become softer, 
while others get stiffer.  The type of aging effect depends on the crack-sealant 
composition (polymer, ground rubber, and mineral filler).  In order to examine the 
effect of aging on the IFE value of the bond, six aged sealants were tested with 
aluminum, to compare their IFE values with those of non-aged sealants.  To age 
the sealant, an homogenized specimen is cut into pieces and placed in a 
stainless steel pan in a heated oven until it melts and creates a 2-mm-thick film.  
Then it is cooled to room temperature, placed in a vacuum-oven aging device 
(VOA), and heated to 115ºC for 16hr at a vacuum of 760mm of mercury.  The 
sealant is then transferred to a regular oven, heated at 180°C to melt, and stored 
in containers (Masson and Al-Qadi, 2004).   
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The IFE values of the bond between these sealants and aluminum plates 
were measured using the blister test.  The IFE values for the same sealants at 
non-aged status were also measured.  The values are compared in Figure 5-6.  
As can be seen, the IFE values from the blister test (Figure 5-6), and the energy 
and peak load from the direct adhesion test (Figures 4-10a and b) show the 
same pattern for aged and non-aged sealants.  For example, both tests show 
lower adhesion for aged sealant NN at -34ºC, while in the case of sealant UU at -
16ºC, both parameters show higher adhesion for aged sealant.  It is evident that 
aging affects the bond properties that are reflected in the IFE value, which is a 
representative parameter of the interface.  
Considering that sealant has already aged before entering the crack, it is 
more realistic to use the bond properties of aged sealants to set an adhesion 
threshold.  Therefore, final blister tests were conducted on aged specimens of 



















Figure 5-6.  IFE Values with Aluminum 
 for Both Aged Sealants and Non-aged Sealants 
 
The selected eight sealants have a wide range of rheological 
characteristics and are used in regions with low temperature varying from -4ºC to 
-40ºC.  Each sealant was aged following the method by Masson and Al-Qadi 
(2004).  The letter “A” was appended to each sealant label to indicate the aged 
status of the sealant.  The selected eight sealant-aluminum pairs were tested and 
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the IFEpeak and IFEavg values for each pair were calculated.  Results for aged 
sealants at temperatures ranging from +2ºC to -34ºC are shown in Figures 5-7a 



































































































Figure 5-8b.  IFE Average for the Bond between Aluminum and Aged Sealants 
 
5.2.1 Variation within Laboratories 
Variation within the laboratory was checked using statistical analysis.  The 
repeatability of the blister test results for the same sealant was acceptable, with 
an average coefficient of variation of 19% for three replicates out of four.  
However, to ensure consistent test results, the steps for specimen-preparation 
procedure should be followed.  It is recommended to control temperature within 
±1°C.  All sealants need to be homogenized following ASTM D5167 procedures.   
Based on ASTM C670 standards, the acceptable variation should be 
established using precision of individual measurements.  To define the maximum 
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acceptable range for individual measurements, the standard deviation of the 
measurements should be multiplied by a factor related to the number of 
replicates: 2.8 for two replicates, 3.3 for three replicates, or 3.6 for four replicates.  
To evaluate test variability between operators, two operators tested sealants LLA, 
NNA, QQA, UUA, VVA, and ZZA individually.  In the first step, the variance of 
each operator’s test results was examined.  To check the homogeneity of the 
variances for each operator, the null hypothesis states that the groups come from 
populations with the same variance.  The Levene test at a significance level of 
0.05 was used to examine the significance of this hypothesis.  The observed 
significance level for each sealant is greater than 0.05 (Table 5-6).  Therefore, 
the null hypothesis would not be rejected, and variances of the groups are equal.  
Next, a standard analysis of variance (ANOVA) was conducted to check whether 
the results of the two operators were statistically different.  The significance level 
for all sealants was found to be above 0.05.  Therefore, the IFE values measured 
by two operators are not statistically different at a 5% level of significance (Table 
5-7).  
 
Table 5-6.  Levene Test Result to Examine 
the Equality of the Variances of the Groups 
Sealant Levene Statistic Sig. 
LLA 0.184 0.686 
NNA 1.005 0.362 
QQA 5.404 0.081 
UUA 0.018 0.898 
VVA 2.143 0.203 
ZZA 0.884 0.400 
 
Table 5-7.  ANOVA Result to Compare Mean Values 
for the IFE between Two Operators 
Sealant Sum of Squares Mean Square F Sig. 
LL 296856.31 362.177 0.006 0.941 
NN 119758.75 20081.3 1.007 0.362 
QQ 1106.5954 649.309 5.68 0.076 
UU 4612.2779 2610.708 6.522 0.051 
VV 6353.2435 2250.827 2.743 0.159 
ZZ 151.96986 95.283 6.723 0.06 
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In the next step, statistical analysis was performed to examine if IFEpeak 
and IFEavg are able to differentiate among aged sealants tested at the same 
temperature.  The Levene test was conducted to check the homogeneity of the 
groups; it showed they had the same variance (Tables 5-8a and 5-9a).  A 
standard analysis of variance (ANOVA) was performed at a significance level of 
0.05 (Tables 5-8b and 5-9b).  The null hypothesis was that the two sealants 
tested at the same temperature had the same mean value.  The observed 
significance level at each temperature is below 0.05, which led to rejection of the 
null hypothesis.  Therefore, there is a significant difference between sealants 
tested at each temperature; hence, both IFEpeak and IFEavg can differentiate 
among sealants appropriately. 
 
Table 5-8a.  Levene Test Result to Examine the Equality 
 of the Variances of the Groups for the IFEpeak 
Temperature (ºC) Levene Statistic Sig. 
T-34 0.572 0.492 
T-10 2.300 0.180 
T+8 0.224 0.653 
T+2 3.601 0.116 
 
Table 5-8b.  ANOVA Result to Compare Mean Values 
 for the IFEpeak between Two Sealants at One Temperature 
 Sum of Squares Mean Square F Sig. 
T-10 5,108.741 5,108.741 20.398 0.011 
T+8 313.907 313.907 6.855 0.040 
T+2 4,407.896 4,407.896 32.153 0.001 
T-34 1,898,616.045 1,898,616.045 89.269 0.000 
 
Table 5-9a.  Levene Test Result to Examine the Equality 
 of the Variances of the Groups for the IFE avg 
Temperature (ºC) Levene Statistic Sig. 
T-34 0.041 0.849 
T-10 0.000 0.991 
T+8 0.210 0.663 
T+2 4.845 0.079 
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Table 5-9b.  ANOVA Result to Compare Mean Values 
 for the IFEavg between Two Sealants at One Temperature 
Temperature (ºC) Sum of Squares Mean Square F Sig. 
T-10 6,077.837 6,077.837 31.468 0.005 
T+8 3,793.067 3,793.067 94.370 0.001 
T+2 7,270.877 7,270.877 55.492 0.000 
T-34 1,992,110.930 1,992,110.930 64.211 0.000 
 
5.3 Effect of Annealing Time on Adhesion  
Annealing time and conditioning are among the most important 
factors affecting adhesion and consequently sealant performance.  
Annealing time refers to the time period allowed for the cast specimen to 
set at room temperature.  Initial bonding can play a significant role in 
sealant performance; stronger bonds are expected to last longer and to 
resist severe conditions better.  While the optimum annealing time varies for 
different sealants, giving the sealant enough time to develop a strong bond 
with the crack walls can be as important as selecting the right sealant.  If a 
potentially good sealant encounters traffic and severe conditions before it 
builds optimum adhesion, it won’t be able to perform as expected. Although 
the issue of how the bond deteriorates under traffic and thermal loading is 
not known, it is believed that initial bonding conditions play a strong role in 
sealant performance (Masson et al., 2002).   
Three sealants were cured for 1hr and 24hr at room temperature, 
conditioned for 20min in the cooling bath, and then tested using the blister 
test.  Figure 5-9 shows that IFE increased significantly with increased 
annealing time.  However, the amount of increase in adhesion varied 
among sealants.  Statistical analysis was conducted to study if there is a 
significant difference between the results from the two annealing times.  
The significance levels are all below 0.05, which shows there is a significant 
difference in IFE value between samples cured for 1hr and those cured for 
24hr before conditioning in the bath (Table 5-10).  The difference can be 
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due to ordering of asphaltenes during the annealing time at room 
temperature; this ordering also can be reflected in bitumen strain upon the 
application of a load.  Masson et al. (2005) showed that strain decreases 
with annealing time, and the strain reaches an asymptotic value within  
16hr-24hr.  They also showed that not accounting for this phenomenon may 
lead to poor reproducibility in experiment data.  Therefore, to maintain good 
reproducibility, they suggested that an annealing time of 24hr be considered 
before conducting the test.  The study showed that ordering of asphaltenes 
affected the molecular structure of the bitumen not only in the bulk but also 

















Figure 5-9.  Effect of Annealing Time on Adhesion 
 
Table 5-10.  ANOVA Results to Compare Mean Values for the IFE 





Square F Sig. 
DD 72,868.673 72,868.673 131.695 0.008 
LL 86,829.544 86,829.544 3,781.133 0.000 
UU 17,396.088 17,396.088 842.032 0.001 
 
5.4 Effect of Temperature and Loading Rate on Adhesion  
The adhesion of bituminous material strongly depends on the rate of 
separation of the bonded surfaces and on the temperature.  This section of the 
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study investigates this dependence through laboratory experiments.  Interfacial 
fracture energy was measured using the newly developed blister test method.  
Eight bituminous-based sealants were tested at various temperatures and 
loading rates.  As presented earlier, the slope of the curve before peak pressure 
is related to the modulus (Figure 5-10 ), data at the peak pressure is related to 
IFEpeak, and data collected after the peak is related to IFEavg (Figure 5-11).  It was 
found that the modulus and both IFEpeak and FEavg vary significantly with 
temperature and rate of loading.   
 
 
Figure 5-10.  Pressure versus Blister Height during Bulging  
 
As can be seen in Figure 5-10, the slope of the curves (and consequently 
the adhesive modulus) decreases as temperature increases and adhesive 
material becomes softer.  The lowest and highest moduli occur at -4ºC and -34ºC, 
respectively.  This confirms the viscoelastic features of the adhesives.  
Sealants have unique compositions and rheology.  In cold temperatures, 
some sealants are flexible, while others are rigid or semi-rigid.  The effect of 
temperature on the IFE was shown in Figures 5-7 and 5-8, where the labels 
appended with an “A” indicate aged sealants.  Two trends are apparent.  Figures 
5-7a and 5-8a show that some sealants initially had a low IFE that decreased 
with cooling.  In contrast, some sealants showed an IFE that increased with 
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cooling, as shown in Figures 5-7b and 5-8b. Since all sealants became stiffer 
upon cooling, this lowering of the IFE may be an indication of a viscoelastic 
transition in the bituminous material, as the case is with polymeric adhesives 
(Gent and Petrich, 1969). 
 
 
Figure 5-11.  Pressure versus Blister Height during Bulging and during Debonding 
 
At certain temperature ranges, above glass transition temperature Tg, 
bituminous material shows rubbery behavior, in which material is defined as 
viscoelastic.  At this status, IFE is highly affected by bituminous material 
characteristics, including its deformation behavior.  Therefore, the 
aforementioned time-temperature dependency of the IFE at rubbery status arises 
mainly from this characteristic of the adhesive.  It was found at this stage that the 
IFE value increases as the temperature decreases or loading rate increases.  
However, a reverse trend was observed when bituminous materials were tested 
at their glassy status.  This transition occurs close to the glass transition 
temperature of the adhesive, below which a sharp decline in IFE measurement 
was observed.  At glassy status, IFE values decrease as temperature decreases 
or loading rate increases.  
The combination of the data in Figures 5-7 and 5-8 with that in Table 3-5 
reveals that materials with an initially low IFE that increases upon cooling 
generally had a Tg at –30°C or higher, and that sealants with an initially high IFE 
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that decreases upon cooling had a Tg below –60 °C. Since the polymer content 
of sealants is mainly a butadiene unit of SB copolymers with a Tg near –90 °C 
(Masson et al., 2002), the disparity in Tg values is an indication of relative 
copolymer concentration:  the higher the SB concentration, the lower the Tg of the 
mixed polymer-bitumen phase (Masson et al., 2005).  The lower Tg indicates that 
the sealant matrix is rich in polymer.  At a concentration greater than about 5%, a 
continuous polymer matrix and dispersed bitumen phase may result.  A polymer 
concentration in excess of 5% was confirmed by FTIR (Table 5-11).  Interestingly, 
a low Tg enhances sealant field performance (Masson et al., 2002).  
 
TABLE 5-11.  Copolymer Concentration in Sealants vs IFE Trends in Figures 5-7 and 5-8 
Rising IFE SBS, wt % Dropping IFE SBS, wt % 
QQ NA AE 8.9 
UU 3.5 LL 12.2 
VV NA NN 6.2 
ZZ NA PP 5.8 
        NA: Not assessed 
 
Given that Tg for adhesive is loading-rate dependent (Ferry, 1980), it may 
be expected that blister test results on bituminous materials would be rate 
dependent, like those for adhesives (Gent and Petrich, 1969).  It should be noted 
that applied laboratory loading rates are much higher than loading rates in the 
field.  However, due to the limitations of laboratory equipment, field-condition 
loading rates cannot be simulated very closely.  In addition, considering the 
dependence of the IFE value on loading rate, the laboratory measurement should 
not be directly applied to field applications.  Therefore, it is necessary to establish 
a relation between laboratory and field data in order to predict field performance.  
In an attempt to relate the laboratory measurements to field observations, an IFE 
master curve covering a wide span of loading rates should be constructed, from 
which IFE values corresponding to field conditions can be inferred.  To 
investigate this possibility, sealant UUA was used, as it could readily be tested 
over a wide range of temperatures, from –4ºC to –34 ºC.  The IFE value at each 
rate and temperature was calculated and plotted in Figure 5-12.   
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Figure 5-12 shows that the IFE of bituminous materials (sealant UU) 
varies with both temperature and loading rates.  At all three rates, an increasing 
trend of IFE with decreasing temperature is followed by a decreasing trend.  The 




















Figure 5-12.  IFE Value of Sealant UU and Aluminum 
 at Six Temperatures and Three Loading Rates 
 
At the rate of 0.1mm/s, the transition occurs somewhere between -16°C 
and -28°C.  At the other two rates, the transition occurs at a higher temperature 
of -10°C.  This further confirms the fact that IFE is strongly dependent on 
rate/temperature.  It is expected that if the tests were conducted at an extremely 
low loading rate, the transition would occur at the real glass transition 
temperature measured using DSC.  The dashed line in Figure 5-12 shows the 
IFE values when tests were conducted at 0.1mm/s.  To study this dependency, 
the Williams-Landel-Ferry (WLF) superposition principle (Williams et al., 1955) 
was applied to construct a master curve (Gent and Petrich, 1969; Lewandowski, 
1988).   
Working on polymers, William, Landel, and Ferry related temperature and 
loading rate in an elegant fashion to produce a modulus master curve where data 
at one temperature could be shifted to fit naturally with data obtained at another 
temperature, thus providing a much improved perspective on the effect of 
temperature, or loading rate, on modulus at Tg (Ferry, 1980).  To normalize the 
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data with respect to the glass transition temperature, a shift factor, aT, was 
calculated with the WLF equation (Equation 5-3).  
 
)(6.51/)(4.17 ggT TTTTLoga −+−=        (5-3) 
 
where  
T  is the test temperature, and   
Tg is the glass transition temperature of adhesive.  
 
The WLF equation is restricted in its use to viscoelastic materials tested above 
their Tg, so it does not hold for glassy or crystalline materials. 
Since adhesives are polymers above their Tg, the WLF equation was 
applied to the study of polymer adhesion onto rigid substrates (Masson et al., 
2005).  Bituminous materials are viscoelastic adhesives, so the WLF equation is 
also of interest to normalize the IFE in Figure 5-12 with respect to Tg.  The result 
of this normalization is a master curve as shown in Figure 5-13, where RaT is the 
effective test rate.  
The adhesion master curve in Figure 5-13 retains the trends observed in 
Figure 5-12, where the IFE increases before it decreases.  The master curve 
allows for a rheological interpretation of these trends.  At low rates, viscoelastic 
materials show liquid-rubbery behavior, whereas at high rates they show stiffer, if 
not glassy, behavior (Ferry, 1980).   
Figure 5-13 shows that IFE is reduced as the sealant is tested away from 
its glass transition.  At low rates, or high temperatures, adhesion is reduced as 
liquid behavior becomes prevalent.  That is because liquid deformation expends 
little energy, to the extent that at relatively high temperatures or low loading rates, 
failures become cohesive as the material tends to fail by coming apart.  In 
contrast, as the rate increases, or temperature decreases, adhesion decreases 
because energy is not spent on deformation of the stiffer material.  In this case, 
energy is spent at the interface, and failure tends to be adhesive.  
The master curve in Figure 5-13 indicates that in practice, sealant failure 
is cohesive at high and moderate temperatures, whereas failure is adhesive at 
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low temperatures.  Field observations have demonstrated the prevalence of 
adhesive failure (Evers, 1983; Masson et al., 1999).  Consequently, the Tg of 
sealants is often too high.  To help select sealants with proper adhesion, the 
comparison of IFE master curves from representative rates and temperatures 





















Figure 5-13.  IFE Value versus Reduced Rate for Sealant UU Bonded to Aluminum, 
Measured Using the Blister Test 
 
To investigate the dual trend, the modulus of the sealant was examined at 
a corresponding temperature/loading rate.  The WLF equation was used to 
develop a master curve for the modulus at critical pressure, Epeak.  Modulus 
values are plotted versus the logarithm of RaT, the effective test rate (Figure 5-
14).  As can be seen, the adhesive modulus increases with loading rate 
regardless of the material’s glassy or rubbery stage.  At higher loading rates 
(lower temperatures), the material becomes stiffer, and its modulus increases.  
This confirms that interface bonding is affected not only by the sealant’s 
bulk properties but also by the interface characteristics.  While at relatively low 
effective loading rates (rubbery stage), the bulk characteristics greatly contribute 
to the IFE value, at high effective rates (glassy stage), IFE is mainly controlled by 
the interface characteristics.  In contrast to the continuous increase in modulus, 
IFE starts decreasing above a certain rate.  The transition temperature can be 
determined for each sealant to ensure its desirable performance in the field.  
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Knowing the crack/joint expansion rate, the interfacial bonding and the possibility 





















Figure 5-14.  Modulus at Peak Pressure versus Reduced Rate 
 for Sealant UU Adhered to Aluminum 
 
5.5 Summary 
Bituminous materials often fail in adhesion during winter.  This is 
especially true of bituminous sealants applied to roadway cracks and joints.  In 
an effort to better understand the nature of this failure, the effect of viscosity, 
aging, annealing time, temperature, and loading rate on the interfacial fracture 
energy (IFE) of bituminous sealants and binders were measured by means of a 
blister test.  The substrate was a normalized model aggregate, smooth aluminum.  
When sealants were poured at a high and a low viscosity, the higher 
viscosity always led to a stronger bond.   This indicated that in the absence of 
interfacial defects, the sealant bulk properties play a key role in the interfacial 
adhesion.  Of particular importance in this respect was the content of rubbery 
material (ground-tire rubber -- GTR) and SB copolymer.  Aging, which modifies 
viscosity, also affected the bonding, but since aging was material specific, no 
trend emerged between bonding characteristics and aging.  It was found that an 
optimum annealing time can improve sealant interface bonding. 
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After the measure of IFE at various temperatures and loading rates, and 
the time-temperature superposition of the results presented in a master curve, 
the effective viscoelastic properties of the sealants were found to play an 
important role in bonding and the mechanism of interfacial failure.  In conditions 
where the material is in a liquid-rubbery state, above the glass transition 
temperature (Tg), IFE shows an increasing trend with loading rate, which shows 
that the bulk property is dominant.  At a very low loading rate, failure tends to be 
cohesive.  However, failure tends to be adhesive when the material is stiff, below 
the Tg.  Sealants with a Tg below –60°C (because of high polymer content) were 
found to have the highest IFE when tested in sub-zero temperatures.  
The benefit of this study is in being able to predict sealant bonding under 
realistic field conditions. With the combination of loading rates and temperatures 
expected in service, sealant users could determine and compare the IFE of 
various products. Alternatively, sealant producers could generate IFE master 
curves to better identify the conditions under which a particular sealant would 
perform well.  
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6. Chapter 6  
Field and Laboratory Comparison 
There have been many attempts to evaluate the field performance of 
crack sealants installed in different configurations (Belangie and Anderson, 1985; 
Cook et al., 1990; Masson et al., 1999; Ward, 2001).  Among those, studies 
conducted by Masson and his coworkers were used to validate laboratory results 
and determine a threshold for adhesion.   
Masson et al. (1999) monitored the debonding and pull-out lengths of 
twelve hot-poured bituminous crack sealants installed in the city of Montreal, 
Canada.  These sealants were installed in a hot-mixed asphalt (HMA) overlay 
over a Portland cement concrete (PCC) pavement; they were exposed to 
temperatures ranging from -40°C to 40°C.  All sealed cracks were routed, 
cleaned, and heat treated.  Cracks smaller than 4mm in width were routed to 
12x12mm2; medium cracks were routed to 19x19mm2; larger cracks, 10 to15mm 
in width, were routed to 40x10mm2.  Debonding and pull-out lengths were 
periodically surveyed using a measuring wheel.  The percent failure lengths were 
calculated per rout size and per crack orientation.  For each sealant, a 
performance index was calculated (Equation 6-1). 
 
)(100 nPDPI +−=          (6-1) 
 
where 
PI is the performance index;  
D is the percent debonded length of the sealant;  
P is the percent pull-out length, and  
n was taken as 4 (pull-out) or 1 (debonding)  
 
The study showed that sealant performance varied significantly among 
sealants, and the performance index was found to be between 8 (very poor 
performance) and 75 (good performance) (Table 6-1).  12mm routs showed the 
best performance among three configurations, with 40mm routs being the worst.  
The sealants’ performance was classified in three stages.  In the first stage, the 
number of failures increased rapidly; in the second stage, little failure occurred; 
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while in the last stage, the number of failures again increased rapidly; but at a 
slower rate than that of stage one. 
To simulate field conditions, an aging procedure was needed.  The 
analysis of the sealants helped determine the aging mechanism in the field 
(Masson and Al-Qadi, 2004).  Aging was found to include bitumen oxidation, 
polymer degradation and cross-linking, and a loss of light oils.  A typical result of 
aging is a stiffening of the sealant.  The rate and the extent of the aging and 
stiffening provided guidelines for the development of an accelerated-aging 
laboratory method that simulates in-service aging (Masson and Al-Qadi, 2004).  
Following this aging procedure, four sealants from Montreal and two sealants 
from the U.S. were aged in the laboratory, and the interface bonding of these 
sealants to aluminum was evaluated using the direct adhesion test and blister 
test methods (Figure 6-2).  In addition, sealants at original status and those 
collected from the field (short-term < 5yr and long-term > 5yr) were tested in the 
laboratory.  Also, kettle-aged sealants (which were only available for the U.S. 
samples) were tested.  The Wa (surface energy test), Pmax (direct adhesion test), 
and the IFE (blister test) of the bond between the tested sealants and aluminum 
are shown in Figures 6-1a, b and c.  Sealant PP showed the highest work of 
adhesion, followed by LL, B, A, and G, with G having the lowest value among all.  
In the direct adhesion test, Pmax at oven-aged status was found to be the highest 
for sealant LL, followed by PP, B, and A, while G failed cohesively and the results 
were discarded.  In the blister test, the IFE of oven-aged sealant was found to be 
the highest for sealant PP followed by B and LL, with sealant A being relatively 
low, and sealant G found to be the lowest.  Using test results from each 
approach, sealants were ranked and reported in Table 6-2.  The field survey for 
Montreal sealant is reported in Table 6-1, and Sealants PP and LL were 
monitored separately in U.S. test sections and reported as having good 
performance.  As can be seen, the laboratory results show the same ranking as 














































































Table 6-1.  Field Performance of Montreal Sealant (Masson et al., 1999) 
Sealant De-bonding Pull-out Performance 
A 11 14 Poor 
B 22 1 Good 
E 20 2 Good 
G 36 14 Poor 
 
Table 6-2.  Laboratory Ranking Using the Adhesion Test ( Pmax Threshold)  
Sealant W (mJ/m2) Pmax (N) IFE (J/m2) Laboratory ranking 
A 3.54 58.99 211.54 Fair 
B 6.78 156.99 638.95 Good 
G 1.11 50.11 100.67 Poor 
PP 7.59 168.62 1331.7 Good 
LL 6.50 181.38 619.68 Good 
E NA * * Excellent 
  * Sealant did not fail during testing 
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7. Chapter 7  
Conclusions and Recommendations 
A major cause of hot-poured bituminous crack-sealant failure in the field is 
the sealant debonding from the crack walls.  Therefore, a reliable test method, 
based on rheology of the sealant and correlated with field performance, is 
urgently needed to predict interfacial bonding.  Three laboratory tests were 
introduced in this study:  a surface energy test, a direct adhesion test, and a 
blister test.  These tests address the needs of producers, engineers, and 
researchers, respectively.   
The first test measures surface energy.  The calculated work of adhesion 
can be used to determine the compatibility between sealant and substrate.  The 
work of adhesion for each of several sealants with aggregates and aluminum 
was calculated using the measured surface energy of the sealant and the contact 
angle between sealant and substrate (aggregate or aluminum).   
The second test is a mechanical test.  The direct tension test (DTT) device 
is modified for testing of sealants.  A notch is introduced at the sealant-substrate 
interface to set the failure path.  In this method, direct tensile force is applied to 
the assembly of sealant-aggregate.  The maximum load, Pmax, and energy, E, to 
failure are calculated and reported as index parameters of adhesion.  It was 
evident that the maximum load can easily differentiate among sealants.  
Identifying lower limits for the parameters allows for the selection of an 
appropriate sealant, which can develop an adequate bond with the crack wall.   
The third test is the blister test.  The principle of the test is to inject alcohol 
at the interface between a substrate (aggregate/aluminum) and a sealant to 
separate the sealant from the substrate.  The alcohol pressure and the blister 
profile are measured as functions of time.  Measured parameters are used to 
calculate two fundamental parameters:  the tensile modulus and interfacial 
fracture energy (IFE).   
In an attempt to develop the aforementioned approaches into standard 
tests, aluminum was identified as an appropriate standard substrate.  Aluminum 
was selected to replace aggregate because of aluminum’s compatibility with 
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sealant, low diffusion, controllable roughness, high resistance to extreme 
temperatures, and availability.  It also has a thermal coefficient similar to that of 
aggregates.  However, using local aggregate will provide further insight into the 
expected field performance.  In this study, to investigate the effect of substrate 
variation on bond characteristics, tests were repeated with granite, limestone, 
and quartzite aggregates.   
7.1 Findings 
This study resulted in the following findings: 
¾ Aluminum was found to be an appropriate standard substrate for 
the developed direct adhesion and blister tests.  An array of 
standard materials and different aggregates were compared in 
terms of their coefficient of thermal expansion, surface energy, pore 
size, diffusion capability, surface roughness and surface chemistry.  
Aluminum was conservatively selected as standard substrate.  Its 
use as a substitute for aggregate was validated in both tests.   
¾ Work of adhesion is an appropriate parameter to examine sealant-
aggregate compatibility.  Work of adhesion, a fundamental property 
of materials, was obtained from measured surface energy of 
substrate and sealant. 
¾ The direct adhesion test, a mechanical test, was developed to 
measure the load and energy required to separate sealants from 
substrates.  Maximum load, Pmax, obtained from the direct adhesion 
test, is an appropriate parameter to evaluate sealant-aggregate 
bonding.  This test needs to be used in conjunction with work of 
adhesion.  
¾ Interfacial fracture energy (IFE), a fundamental property of the 
interface, was determined from the blister test measures of 
pressure and displacement.  IFE was used successfully to 
characterize a sealant-aggregate interface.   
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¾ Aging affects adhesion significantly.  Adhesion of a laboratory-aged 
or a field-aged sealant was found to vary significantly from 
adhesion of that sealant before aging.  However, adhesion between 
aged sealant and a reference substrate is sealant specific, 
depending on sealant composition.  
¾ Interfacial fracture energy (IFE) showed an increasing trend with 
loading rate, followed by a decreasing trend.  This trend can be 
attributed to a sealant’s behavior in the rubbery and glassy stages.  
Above glass transition temperature, IFE increases with loading rate, 
while this behavior is reversed below glass transition temperature.  
The point where behavior changes may be used to determine 
rheological glass transition temperature.   
¾ Sealant viscosity at installation affects interface bonding.  Sealants 
poured at lower temperature and the consequent higher viscosity 
develop relatively higher IFE with a substrate, given that substrate 
wetting occurs.  
¾ The apparent viscosity of a sealant appears to correlate with the 
sealant’s ground-tire rubber content.  
¾ Increasing annealing time results in a greater IFE value, up to 24hr.   
7.2 Conclusions 
This study introduces three test methods to predict sealant-aggregate 
adhesion, and draws these conclusions about them:   
¾ The first test is to evaluate the compatibility of sealant-aggregate 
pairs.  This test implements the principle of surface energy to 
measure the thermodynamic work of adhesion.  This test is 
recommended for implementation by producers to ensure sealant-
substrate compatibility.  While sealant-substrate compatibility is a 
fundamental property of the interface, this first test has to be 
coupled with a mechanical test, due to the relatively low effect of 
work of adhesion on bond strength at the interface.  Therefore, two 
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mechanical tests have been developed in this study.  Given that the 
two tests utilize aluminum as a substrate, the compatibility test is 
recommended as the first screening step.  
¾ The second test is a direct adhesion test.  In this test, a sealant is 
sandwiched between two aluminum end pieces.  The end pieces 
are moved apart at a constant displacement rate until the sealant is 
separated from its aluminum counterpart.  Two parameters, the 
maximum load, Pmax, and the energy to separation, E, are 
calculated and reported as qualitative parameters of interface 
bonding. 
¾ The third test implements the principles of fracture mechanics, 
using a pressurized circular blister test.  A sealant is poured on an 
annular aluminum plate.  After annealing and conditioning, alcohol 
is injected at the interface of sealant and aluminum, creating a 
sealant blister.  The blister grows vertically until the peak pressure 
is reached; then it continues to grow horizontally as well as 
vertically as debonding progresses.  The maximum pressure and 
corresponding displacement can be used to calculate IFE.  
Of the three developed adhesion tests, the direct adhesion test is best 
suited for use as a part of practical performance-based guidelines.  
Minimum peak load of 50N at graded temperature coincides with good 
field performance for sealant adhesion.   
7.3 Recommendations  
The following recommendations are offered for future studies:  
¾ In this study, tests were developed and conducted using aluminum 
substrate.  A study using an array of local aggregates is 
recommended to establish the variation in bonding due to substrate 
difference.  
¾ Research is needed to identify the effect of aggregate wettability 
and diffusion on bonding. 
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¾ It is well documented that the work of adhesion is a small part of 
adhesion.  The contribution of interface deformation on adhesion 
needs to be investigated. 
¾ The relation between IFE and annealing time must be established.  
This allows for a better estimate of necessary lane closure time 
when sealant is applied in the field. 
¾ A relation between IFE and surface roughness of substrate must be 
developed. 
¾ Given that sealant is a viscoelastic material, even at a very low 
temperature, research is needed to quantify the effects of 
viscoelastic properties on adhesion.  
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8. Appendix A 
9. Direct Adhesion Test Method for Measuring Adhesion of Hot-
poured Crack Sealant Using a Direct Tensile Tester 
Sealant Consortium Designation:  SC-7 
 
1. SCOPE  
1.1. The direct adhesion test is used to determine the adhesion of hot-
poured crack sealant at the application temperature.  
 
1.2. The direct adhesion test is a test of fracture. The object of the test is 
to apply tensile force to the interface between sealant and aggregate. 
Sealant is confined between two half-cylindrical aggregates 
(aluminum can be used for a standard test) in a Direct Tensile Tester. 
As the aggregates are moved apart, the applied force and 
displacement can be recorded as functions of time. Energy required 
to break the sealant-aggregate bond can be calculated by measuring 
the area under the load-displacement curve. This energy can be 
considered a measure of adhesion. In addition, the maximum force to 
failure can be reported as a measure of adhesion.  
 
1.3. These guidelines do not purport to address all of the safety concerns, 
if any, associated with their use. It is the responsibility of the user of 
this standard to establish and follow appropriate health and safety 
practices and to determine the applicability of regulatory limitations 
prior to use. 
 
2. REFERENCED DOCUMENTS 
2.1. ASTM Standards: 
D5167-03, Standard Practice for Melting Hot-Applied Joint and 
Crack Sealant and Filler for Evaluation. 
D5329-04, Standard Test Methods for Sealants and Fillers, Hot-
Applied, for Joints and Cracks in Asphaltic and Portland Cement 
Concrete Pavements. 
D6690-06, Standard Specification for Joint and Crack Sealants, Hot 
Applied, for Concrete and Asphalt Pavements.  
D4541-02, Standard Test Method for Pull-Off Strength of Coatings 
Using Portable Adhesion Testers. 
E220-07, Test Method for Calibration of Thermocouples by 
Comparison Techniques. 
E1, Specification for ASTM Thermometers. 
C670-03, Practice for Preparing Precision and Bias Statements for 
Test Methods for Construction Materials. 
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2.2.  Sealant Consortium (SC) Standards: 
SC-1, Guidelines for Graded Bituminous Sealants. 
SC-2, Test Method for Measuring Apparent Viscosity of Hot-poured 
Crack Sealant Using A Brookfield Rotational Viscometer RV 
Series Instrument. 
SC-3, Method for the Accelerated Aging of Bituminous Sealants. 
SC-4, Test Method to Measure Tracking Resistance of Bituminous 
Sealants. 
SC-5, Method to Measure Sealant Flexural Creep Stiffness at Low 
Temperature by Bending Beam Rheometer. 
SC-6, Method to Evaluate Sealant Extensibility at Low Temperature 
by Direct Tension Test. 
SC-8, Blister Test Method for Measuring Interfacial Fracture Energy 
of Hot-poured Crack Sealant. 
 
3. TERMINOLOGY 
3.1. Hot-poured crack sealants are hot-poured modified asphaltic 
materials used in pavement cracks and joints.  
 
3.2. Adhesion is the maximum force and energy required to separate 
bituminous sealant from a substrate.   
 
4. SUMMARY OF METHOD 
4.1. It is recommended that the test be conducted for four replicates. To 
prepare a test specimen, homogenized crack sealant material is poured into a 
half-cylindrical mold, which confines the sealant at the bottom between two half-
cylindrical substrate samples at the ends.  After the specimen has cooled, grips 
holding the end pieces are fitted into the DTT sitting posts, and the DTT is used 
to apply tensile force to the specimen.  Software records load-displacement data 
until adhesive fracture occurs. 
 
5. SIGNIFICANCE AND USE 
5.1. This procedure is designed to measure the adhesion of hot-poured 
sealant to a substrate of either aluminum plate or aggregate. 
 
5.2. Sealants must be homogenized (ASTM D5167-03) before 
measuring adhesion by this method.  
 
6. APPARATUS 
6.1. Direct Tensile Tester (DTT) machine, with the addition of aluminum 
grips to confine the substrate end pieces and be secured in the DTT sitting posts 
 
6.2. Chiller that can reach -40°C ± 0.5°C 
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6.3. Laboratory oven — any standard laboratory oven capable of 
producing and maintaining temperatures from 170°C to 193°C ± 0.5°C 
 
6.4. Release agent 
 
6.5. Four test setups (one setup is an aluminum mold, a shim, and two 
end grips with attached substrate), and rubber bands 
 
7. HAZARDS 
7.1. Standard laboratory caution should be used in handling hot sealant 
(in accordance with ASTM D5167-03), and when using the Direct Tensile Tester 
(DTT). Required safety procedures should be followed when chemical agents are 
used.  
 
8. PREPARATION OF APPARATUS 
8.1. The chiller must be set to a specific temperature. The DTT sitting 
posts must be leveled to function properly.  
 
9. CALIBRATION AND STANDARDIZATION 
9.1. Temperature of the ovens should be calibrated according to each 
user’s quality assurance program.  
 
9.2. Temperature of the chiller should be calibrated according to each 
user’s quality assurance program.  
 
9.3. Thermometer (temperature detector) — verify the calibration of the 
temperature sensing device to ± 0.1°C every six months. 
 
10. PREPARATION OF SAMPLES AND TEST SPECIMENS 
10.1. All adhesion measurements must be performed on homogenized 
sealant. Follow the procedure for homogenization given in ASTM D5167-03, 
Melting of Hot-Applied Joint and Crack Sealant and Filler for Evaluation. It is 
recommended that a minimum of 400g of sealant be homogenized. Preparing 
test specimens for four replicates of this test will require 40g of sealant. 
 
10.2. Once homogenized, hot sealant should be molded, cooled, and 
stored for later usage. To store the sealant, it is recommended that a can or 
plastic-lined box be used. The mold must be of sufficient size that the sealant 
depth is no greater than 100mm, to allow for rapid cooling.  
 




10.4. For each specimen, prepare two half cylinders of substrate 
(aluminum plate or aggregate), each of diameter 25mm and thickness 12mm. 
 
10.5. For each specimen, place a half cylinder of substrate in each of two 
grips and tighten the grips. 
 
10.6. For each specimen, use a half cylinder aluminum mold 25mm wide 
and 30mm long, open at the upper part. Spray release agent on the mold.  
 
10.7. For each specimen, place a grip with attached substrate at each 
end of the mold. Wrap a rubber band around the setup to keep all the 
components in place.  
 
10.8. For each specimen, place a 25x2mm shim on the upper edge of the 
substrate piece that will be sitting on the fixed side in the DTT.  (After the sealant 
is poured into the mold and cooled, this shim will be removed, leaving a notch 
2mm deep at the aggregate-sealant interface.) 
 
10.9. Set the oven temperature to the recommended pouring 
temperature for the sealant being tested. 
 
10.10. Cut 40g of homogenized sealant for the entire set of four 
specimens, and place the sealant in a can. 
 
10.11. Place the can in the oven for 15 minutes, remove it from the oven, 
stir the sealant thoroughly, and place the can back in the oven for another 15 
minutes. 
 
10.12. Remove the can from the oven, stir the sealant thoroughly, and 
pour the sealant from a corner into each of the four assembled setups.  Care 
should be taken in filling the molds, to prevent trapped air bubbles in the 
specimens. 
 
10.13. Let specimens set for one hour at room temperature. 
 
10.14. Cool the chiller to test temperature. 
 
10.15. For each specimen, use a heated spatula to trim away excess 
sealant at the sides. 
 
10.16. For each specimen, move a heated spatula once horizontally 
across the top, parallel to the top edge of the substrate. Trimming direction 
should not be changed during trimming. Use a well-heated spatula to prevent any 
shearing of the sealant. 
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10.17. Use two tangs to pick up the plate underneath the specimen, and 
place the specimens in the cooling bath. 
 
10.18. Remove the plate underneath each specimen, and leave 
specimens in the cooling bath for 15 minutes.  
 
10.19. Using a tang to hold a specimen by its center, remove one 
specimen at a time from the cooling bath, and flip the specimen onto a flat 
surface. 
 
10.20. For each specimen, remove the rubber band, keep the two end 
pieces still using your fingertips, and remove the mold with your thumb.  Flip back 
the specimen, and push the shim horizontally until it comes off. Using tangs, pick 
up the specimen from two corners, and place it back in the bath. 
 
10.21. Leave the samples in the bath for 45 minutes prior to testing. 
 
10.22. Turn on the DTT machine, and load the testing program (test 
builder software) to record load and displacement for the adhesion test. 
 
10.23. For each specimen, adjust the machine so the specimen can sit 
freely on the posts, and place the specimen on the posts. Care should be taken 
not to disturb the specimen. 
 
10.24. For each specimen, tare the load to zero, conduct the test, and 
record the data. 
 
11. CALCULATION OF RESULTS 
11.1. For each specimen, find the maximum load to failure and its 
corresponding displacement.  
 
11.2. For each specimen, label the maximum load as a measure of 
adhesion for that specimen. 
 
11.3. For each specimen, calculate the area under the load-displacement 
curve up to the point of maximum load. Divide that area by the area of the cross 
section of one the end pieces. Label the value obtained as the bonding energy 
for that specimen. 
 
11.4. Using the best three of the four replicates, report the average of the 
three maximum loads as a measure of adhesion for the sealant, and report the 






12.1. Report the measure of adhesion for the sealant and the bonding 
energy for the sealant from step 11.4, along with the following information:  
substrate used, sealant identification and supplier, lot number, date received, 
date of apparent viscosity measurement, recommended pouring temperature, 
safe heating temperature, and any deviations from test temperature.  
 
13. PRECISION AND BIAS 
13.1. Single Operator Precision (Repeatability)— Results obtained in the 
same laboratory by the same operator using the same equipment in the shortest 
practical period of time should not be considered suspect unless the difference in 
the two results, expressed as a percent of their mean, exceeds the value given in  
Table A-1. 
 




Single-Operator Precision:  
Average Viscosity (Pa.s) 19.3 
 
Note 1 — The precision estimate given in Table A-1 is based on the analysis of 
test results from seven sealants with a wide range of rheological properties. The 
data analyzed includes results from two operators in the same laboratory who 
conducted each test in four replicates.  
 
14. KEYWORDS 
14.1. Hot-poured bituminous sealant; fillers; joint; crack; adhesion; bond 
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Figure A-1. Place each substrate end piece into one grip and tighten it. 
 
 
Figure A-2. Spray release agent on the mold. 
 
 
Figure A-3. Place two end grips with attached substrate on the mold. 
 
 
Figure A-4. Hold the assembly in place using a rubber band. 
Place a shim on one end piece. 
 
 
Figure A-5. Heat 40 grams of homogenized sealant 
 at recommended pouring temperature for 15 minutes, 




Figure A-6. Remove the sealant from the oven, stir the sealant 
 thoroughly, and pour it from a corner into each mold. 
 
 
Figure A-7. Let the sealant set for one hour at room temperature (annealing time). 
 
 
Figure A-8. Using a heated spatula, trim away excess sealant at the sides. 
Then move the spatula once horizontally across the top, 
 parallel to the top edge of the substrate. 
 
 
Figure A-9. Pick up the base plate with two tangs, and place it in a cooling bath. 
 
 





Figure A-11. Leave the specimens in the cooling bath for 15 minutes. 
 
 
Figure A-12. Remove one specimen at a time, holding its center and using a tang. 
 
 
Figure A-13. Flip the specimen onto a flat surface. 
 
 
Figure A-14. Remove the rubber band. 
 
 
Figure A-15. Remove the mold, while keeping the two end pieces in place. 
 
 




Figure A-17. Pick up the specimen from two corners, and place it back in the bath. 
 
 
Figure A-18. Leave the specimens in the bath for 45 minutes. 
 
   
Figure A-19. Turn on the DTT machine, load the adhesion program, mount the specimen, 




























Figure A-22. Schematic of the mold (measurements in mm) 
 
 




Figure A-24. Schematic of the shim 
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10. Appendix B 
Blister Test Method for Measuring Interfacial Fracture Energy of 
Hot-poured Crack Sealant  
Sealant Consortium Designation:  SC-8 
 
1. SCOPE  
1.1. The blister test is used to measure the adhesion of hot-poured crack 
sealant at the application temperature.  
 
1.2. The blister test is a test of fracture. The objective of this test is to 
inject alcohol between a substrate (aluminum plate or aggregate) and 
hot-poured crack sealant in such a way that the sealant’s detachment 
from the substrate is in the form of a circular blister. The energy 
balance principle is used to calculate the interfacial fracture energy, 
which is a fundamental and unique property of each individual 
interface. Pressure of the injected alcohol is measured using a 
pressure transducer, while the height of the blister in the center of the 
dome is measured with an LVDT. Using the data collected from the 
test period, one can use the energy balance principle to calculate the 
interfacial fracture energy.  
 
1.3. These guidelines do not purport to address all of the safety concerns, 
if any, associated with their use. It is the responsibility of the user of 
this standard to establish and follow appropriate health and safety 
practices and to determine the applicability of regulatory limitations 
prior to use. 
 
2. REFERENCED DOCUMENTS 
2.1. ASTM Standards: 
D5167-03, Standard Practice for Melting Hot-Applied Joint and 
Crack Sealant and Filler for Evaluation. 
D5329-04, Standard Test Methods for Sealants and Fillers, Hot-
Applied, for Joints and Cracks in Asphaltic and Portland Cement 
Concrete Pavements. 
D6690-06, Standard Specification for Joint and Crack Sealants, Hot 
Applied, for Concrete and Asphalt Pavements . 
D4541-02, Standard Test Method for Pull-Off Strength of Coatings 
Using Portable Adhesion Testers. 
E220-07, Test Method for Calibration of Thermocouples by 
Comparison Techniques. 
E1, Specification for ASTM Thermometers. 
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C670-03, Practice for Preparing Precision and Bias Statements for 
Test Methods for Construction Materials. 
 
2.2.  Sealant Consortium (SC) Standards: 
SC-1, Guidelines for Graded Bituminous Sealants. 
SC-2, Test Method for Measuring Apparent Viscosity of Hot-poured 
Crack Sealant Using A Brookfield Rotational Viscometer RV 
Series Instrument. 
SC-3, Method for the Accelerated Aging of Bituminous Sealants. 
SC-4, Test Method to Measure Tracking Resistance of Bituminous 
Sealants. 
SC-5, Method to Measure Sealant Flexural Creep Stiffness at Low 
Temperature by Bending Beam Rheometer. 
SC-6, Method to Evaluate Sealant Extensibility at Low Temperature 
by Direct Tension Test. 
SC-7, Direct Adhesion Test Method for Measuring Adhesion of Hot-
poured Crack Sealant Using a Direct Tensile Tester. 
 
3. TERMINOLOGY 
3.1. Hot-poured crack sealants are hot-poured modified asphaltic 
materials used in pavement cracks and joints.  
 
3.2. Interfacial Fracture Energy is the energy required to separate 
bituminous sealant from a substrate.   
 
4. SUMMARY OF METHOD 
4.1. Crack sealant material is homogenized, following the procedure 
given in ASTM D5167-03. It is recommended that four test specimens be 
prepared, and that the test be conducted for four replicates. For each specimen, 
80g of sealant is cut and heated to the manufacturer’s recommended pouring 
temperature. To prepare the specimen, an aluminum mold is assembled on top 
of an annular-shaped disk of substrate. An aluminum plug is inserted into the 
orifice of the substrate to close it. Sealant will be poured on top of the plugged 
substrate to provide a film of 4.6mm thickness. After cooling and conditioning the 
specimen, the test will be conducted using a servo-hydraulic machine.  
 
5. SIGNIFICANCE AND USE 
5.1. This procedure is designed to measure the adhesion of hot-poured 
sealant to a substrate of either aluminum plate or aggregate. 
 
5.2. Sealants must be homogenized (ASTM D5167-03) before 
measuring adhesion by this method.  
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6. APPARATUS 




6.3. Chiller which can reach -40°C ± 0.5°C 
 
6.4. Blister test software  
 
6.5. Laboratory oven — any standard laboratory oven capable of 
producing and maintaining a temperature ranging from 170°C to 193°C ± 0.5°C  
 
6.6. Silicon-based release agent 
 
6.7. For each test specimen, an aluminum plug (with a center hole for a 
needle) that can plug the 25mm-diameter orifice in the annular disk of substrate 




6.9. Adhesive-backed fluoropolymer (FEP) film 0.09mm thick  to make a 
27-mm diameter disk for each plug 
 
6.10. For each specimen, mold components to assemble a 4.7mm thick 
circular mold on top of each annular disk, and rubber bands to hold the mold 
together 
 
6.11. Sitting plate for cooling period  
 
7. HAZARDS 
7.1. Standard laboratory caution should be used in handling hot sealant 
(in accordance to ASTM D5167-03), and when using the blister test apparatus. 
Required safety procedures should be followed when chemical agents are used.  
 
8. PREPARATION OF APPARATUS 
8.1. The cooling bath must be set to a specific temperature. The LVDT 
and sitting base must be leveled to function properly.  
 
9. CALIBRATION AND STANDARDIZATION 
9.1. The temperature of the oven should be calibrated according to 
each user’s quality assurance program.  
 
9.2. The temperature of the chiller should be calibrated according to 
each user’s quality assurance program.  
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9.3. Verify the calibration of the thermometer or other temperature 
sensing device to ± 0.1°C every six months. 
 
9.4. The LVDT should be calibrated using procedures provided by the 
manufacturer. 
 
9.5. The servo-hydraulic machine should be calibrated using 
procedures provided by the manufacturer, and trapped air should be removed. 
 
10. PREPARATION OF SAMPLES AND TEST SPECIMENS 
10.1. All adhesion measurements must be performed on homogenized 
sealant. Follow the procedure for homogenization given in ASTM D5167-03, 
Melting of Hot-Applied Joint and Crack Sealant and Filler for Evaluation. It is 
recommended that a minimum of 400g of sealant be homogenized.  Each 
specimen for this test requires 80g of sealant, so conducting this test for four 
replicates will require a total of 320g of sealant. 
 
10.2. Once homogenized, hot sealant should be molded, cooled, and 
stored for later usage. To store the sealant, it is recommended that a can or 
plastic-lined box be used. The mold must be of sufficient size that the sealant 
depth is no greater than 100mm, to allow for rapid cooling.  
 
10.3. It is recommended that this test be conducted for four replicates. 
Each replicate requires one annular-shaped disk of substrate. The substrate may 
be either aggregate or aluminum. 
 
10.4. To prepare aggregate substrates, a heavy duty masonry saw and a 
coring machine are used. An irregularly shaped stone is cut on three sides, so 
that the stone can be held in the saw machine. With the stone confined in place 
in the saw machine, the center hole (25mm diameter) is cut through the chunk of 
stone, and then the core bit is changed to cut the outer perimeter (125mm 
diameter). The stone is then cut in slices of 10mm to achieve the annular disks, 
which are washed in acetone and distilled water, and then oven dried. 
 
10.5. To prepare aluminum substrates, annular-shaped aluminum disks 
are prepared from 6061-aluminum with thickness 6.3mm. The inner and outer 
diameters are respectively 25mm and 125mm. To attain uniform surface 
roughness and cleaning conditions for all the aluminum disks, they are 
mechanically polished to a 63µm finish. Each aluminum disk is washed with 
cleaning solvent, water, and alcohol, and then air dried. 
 
10.6. For each specimen, follow the procedures in steps 10.7 through 
10.17 to prepare the substrate for application of sealant. 
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10.7. Use a compass to draw a circle 27mm in diameter on fluoropolymer 
(FEP) film. 
 
10.8. Punch out the circle using a sharp manual punch. 
 
10.9. Peel the FEP film and place it on a level surface, adhesive side up.  
 
10.10. Place the needle on the center (marked with the compass) of the 
FEP film.  
 
10.11. Place the flat side of the plug on top of the needle and let the 
needle go through the plug.  
 
10.12. Press the plug on the film gently to make sure it has adhered to the 
film.  
 
10.13. Spray release agent on the plug while keeping it inclined.  
 
10.14. Place the plug on top of the annular disk; care should be taken not 
to contaminate the surface of the disk.  
 
10.15. Place the disk and the plug on the sitting plate.  
 
10.16. Assemble the mold on top of the disk. Stack two molds on top of 
each other if needed to achieve the 4.7mm thickness.  
 
10.17. Wrap the mold with a rubber band stretched through the groove 
around the mold, to keep the components in place.  
 
10.18. Prepare 4 cans of sealant by cutting 80g of homogenized sealant 
for each. 
 
10.19. Heat the sealant to the recommended pouring temperature for 15 
minutes. 
 
10.20. Remove the cans from the oven, stir the sealant thoroughly, and 
place the cans back in the oven for another 15 minutes. 
 
10.21. Pour a can of sealant onto the top-center of each specimen disk to 
fill the mold.  
 
10.22. Let the specimens set at room temperature for one hour (annealing 
time). 
 
10.23. Trim away excess sealant from each specimen, using a heated 
putty knife. 
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10.24. Place the specimens in the cooling bath for 15 minutes. 
 
10.25. For each specimen, remove the rubber band, pull out the plug, 
disassemble the mold, and place the specimen back in the bath.  
 
10.26. Leave the specimens in the cooling bath for 45 minutes before 
running the test.  
 
10.27. For each specimen, follow steps 10.28 through 10.34. 
 
10.28. Open the outlet valve to prevent pressure from being applied to the 
specimen before the test starts. 
 
10.29. Lower the piston. 
 
10.30. Place the specimen on the servo-hydraulic machine, and clamp or 
screw the specimen tightly. 
 
10.31. Adjust the moving rate of the piston to 0.12mm/s. 
 
10.32. Start running the test. 
 
Note. If the blister reaches a height of more than 0.5", stop the test, 
and report that the sealant is too ductile to fail.  
 
10.33. Stop the test when pressure drops to 40% of the peak pressure.  
 
Note. It is recommended that failure surfaces be examined for each 
replicate to ensure adhesive failure occurred. If sealant breakage occurred, 
discard the data. 
 
10.34. Find the peak pressure and the corresponding height of the blister.  
 
11.  CALCULATION OF RESULTS 
11.1. For each specimen, calculate the initial interfacial fracture energy 
(IFE) by multiplying half of the peak pressure by the corresponding blister height. 
 
11.2. Conduct the test for four replicates, and select the best three out of 
four. Average the values of interfacial fracture energy for those three specimens, 
and report that average as the bond energy for this sealant with this substrate.  
 
12.  REPORT 
12.1. Report the bond energy calculated in step 11.2, along with the 
following information: substrate used, sealant identification and supplier, lot 
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number, date received, date of apparent viscosity measurement, recommended 
pouring temperature, safe heating temperature, and any deviations from test 
temperature.  
 
13.  PRECISION AND BIAS 
13.1. Single Operator Precision (Repeatability)— Results obtained in the 
same laboratory by the same operator using the same equipment in the shortest 
practical period of time should not be considered suspect unless the difference in 
the two results, expressed as a percent of their mean, exceeds the value given in  
Table B-1. 
 




Single-Operator Precision:  
Average Viscosity (Pa.s) 8.77 
 
Note 1 — The precision estimate given in Table B-1 is based on the analysis of 
test results from 12 sealants with a wide range of rheological properties. The 
data analyzed includes results from two operators in the same laboratory who 
conducted each test in four replicates.  
 
14.  KEYWORDS 
14.1. Hot-poured bituminous sealant; joint; crack; adhesion; bond; blister; 
Interfacial fracture energy 
 166 
 
Figure B-1. Peel the transparent film, place it on a flat surface with adhesive side up, 
 place the pin on its center, and let the plug slide through the pin to the film. 
 
  
Figure B-2. Spray release agent on the plugs and the molds. 
 
   
Figure B-3. Place the plug on the annular plate, and pull it from underneath the plate 




Figure B-4. Assemble the molds on top of the plate. 
 
 
Figure B-5. Use a rubber band to keep the mold together. 
 
 
Figure B-6. Heat four cans, each with 80g homogenized sealant, 




Figure B-7. Remove the cans, mix the sealant thoroughly, 
 and place the cans back in the oven for another 15 minutes. 
 
 
Figure B-8. Mix sealant thoroughly and pour it onto the center top of the plug, 
 letting the sealant flow to fill the mold. 
 
 




Figure B-10. Trim away excess sealant with a heated putty knife. 
 
 
Figure B-11. Place the plates on the rack; allow enough clearance 
 between each two specimens. 
 
 
Figure B-12. Place the rack in the bath for 15 minutes. 
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Figure B-13. Remove the rubber band. 
 
 
Figure B-14. Remove the molds gently. 
 
 
Figure B-15. Remove the plug from each specimen, 




Figure B-16. Condition the specimens in the bath for 45 minutes. 
 
 
Figure B-17. Open the outlet valve on the base setup, and place one of the specimens on 
the base. 
 
   




Figure B-19. Assemble the LVDT. 
 
 
Figure B-20. Close the outlet valve and start the test. 
 
 






















Figure B-22. Record the pressure and displacement of the blister as functions of time. 
 
     
Figure B-23. Remove the specimen and verify that the type of failure 
was adhesive failure, in which sealant separates from the plate. 
 
125mm























Figure B-27 Schematic of one section of the four-piece-mold 
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11. Appendix C 
Test Method for Apparent Viscosity of Hot-poured Crack Sealant 
Using A Brookfield Rotational Viscometer RV Series Instrument 
Sealant Consortium Designation:  SC-2 
 
1. SCOPE  
1.1. This test method outlines the procedure for measuring the viscosity 
of hot-poured bituminous crack sealant at elevated temperature from 150ºC to 
200ºC using a Rotational Viscometer.  
 
1.2. The rotational viscometer is a rotating spindle-type viscometer that 
meets the requirements of the AASHTO T 316, Standard Viscosity Determination 
of Asphalt Binder. This test method can be used for general specification and is 
especially convenient for use in a field laboratory or a plant site. 
 
1.3. This standard may involve hazardous material, operations, and 
equipment. This standard does not purport to address all of the safety problems 
associated with its use. It is the responsibility of the user of this standard to 
establish appropriate safety and health practices and determine the application of 
regulatory limitations prior to use. 
 
2. REFERENCED DOCUMENTS 
2.1. AASHTO Standards: 
T316-06, Viscosity Determination of Asphalt Binder Using 
Rotational Viscometer. 
 
2.2. ASTM Standards: 
D5167-03, Standard Practice for Melting Hot-Applied Joint and 
Crack Sealant and Filler for Evaluation. 
D4402-06, Standard Test Method for Viscosity Determination of 
Asphalt at Elevated Temperature Using a Rotational Viscometer. 
E220-07, Test Method for Calibration of Thermocouples by 
Comparison Techniques. 
E1, Specification for ASTM Thermometers. 
E145-94(2006), Standard Specification for Gravity-Convection and 
Forced-Ventilation Ovens. 
C670-03, Practice for Preparing Precision and Bias Statements for 
Test Methods for Construction Materials. 
 
2.4.  Sealant Consortium (SC) Standards: 
SC-1, Guidelines for Graded Bituminous Sealants. 
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SC-3, Method for the Accelerated Aging of Bituminous Sealants. 
SC-5, Method to Measure Sealant Flexural Creep Stiffness at Low 
Temperature by Bending Beam Rheometer. 
SC-6, Method to Evaluate Sealant Extensibility at Low Temperature 
by Direct Tension Test. 
SC-7, Direct Adhesion Test Method for Measuring Adhesion of Hot-
poured Crack Sealant Using a Direct Tensile Tester. 
SC-8, Blister Test Method for Measuring Interfacial Fracture Energy 
of Hot-poured Crack Sealant. 
 
3. TERMINOLOGY 
3.1. Hot-poured crack sealants are hot-poured modified asphaltic 
materials used in pavement cracks and joints.  
 
3.2. Apparent viscosity is the ratio of shear stress to shear rate for a 
liquid. This parameter is a measure of the resistance to flow of the liquid. The SI 
unit of viscosity is the Pascal second (Pa.s).  
 
4. SUMMARY OF METHOD 
4.1. Crack sealant material is homogenized according to ASTM D5167-
03, cut into pieces not larger than 5mm (the largest dimension), and placed into 
standard containers. Apparent viscosity is measured with the Brookfield 
viscometer using Spindle #SC4-27; the spindle is attached to the rigid hook 
attachment and rotates at a speed of 60 rpm. The test is conducted at the 
manufacturer’s recommended installation temperature.  
 
5. SIGNIFICANCE AND USE 
5.1. This test is intended for bituminous sealants applied to roadway 
joints and cracks.  
 
5.2. This procedure is designed to simulate the viscosity of crack 
sealants when they are being poured into cracks.  
 
5.3. Sealants must be homogenized (ASTM D5167-03) before 
measuring the apparent viscosity by this method. 
 
6. APPARATUS 
6.1. Brook field rotational viscometer RV Series Instrument 
 
6.2. Brookfield Thermosel, maintaining a temperature ranging from 
170°C to 193°C ± 1°C  
 
6.3. Laboratory oven – any laboratory standard oven capable of 
producing and maintaining a temperature ranging from 170°C to 193°C ± 1°C  
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6.4. Rigid hook attachment especially designed as an attachment for 
the  Brookfield viscometer to measure hot-poured crack sealant viscosity  
 
6.5. Disposable aluminum containers or standard Brookfield containers 
 
6.6. The rotational viscometer contains sensors that monitor the applied 
torque, and the viscometer automatically displays the calculated apparent 
viscosity. The keypad on the instrument is used to enter the spindle number, zero 
the signal, and run the test at a selected speed. Torque and viscosity can be 
recorded manually, or an interface can be used to send the signal from the 
instrument to a personal computer. Optional software is also available that can 
be used to program preselected thermal profiles. This software is not needed for 
the specification test. However, the Thermosel must be used to control the 
temperature and thereby obtain acceptable reproducibility. 
 
7. HAZARDS 
7.1. Standard laboratory caution should be used in handling hot sealant 
(in accordance with ASTM D5167-03), and when using the Brookfield Thermosel. 
Required safety procedures should be followed when chemical agents are used.  
 
8. PREPARATION OF APPARATUS 
8.1. The rotational viscometer must be leveled to function properly. A 
bubble-type level is normally located on top of the viscometer and is adjusted by 
using leveling screws located on the base. Preparing the device, leveling and 
aligning of the viscometer on the stand, and setting the temperature of the 
Thermosel are explained in the operation instructions provided by the 
manufacturer. The detailed steps for testing are specified in AASHTO Standard 
Test Method T316-06. 
 
9. CALIBRATION AND STANDARDIZATION 
9.1. Temperature of the oven should be calibrated in accordance with 
each user’s quality assurance program.  
 
9.2. Thermometer (temperature detector) should be calibrated every six 
months to ensure precision of ± 1°C.  
 
9.3. The accuracy of the viscometer should be checked annually, using 
a certified reference fluid of known viscosity and following the procedure 
recommended by the manufacturer. 
 
10. PREPARATION OF SAMPLES AND TEST SPECIMENS 
All apparent viscosity measurements must be performed on homogenized 
sealant. Sealant homogenization is conducted in accordance with the procedure 
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presented in ASTM D5167-03, Melting of Hot-Applied Joint and Crack Sealant 
and Filler for Evaluation.  
 
10.1. Once homogenized, hot sealant should be cooled to room 
temperature and stored for 24hr before usage. It is recommended that a can or 
plastic-lined box be used. The container must be of sufficient size so that the 
sealant depth is no greater than 100mm to allow for rapid cooling.  
 
10.2. 10.5g of the homogenized sealant should be cut into small pieces 
not larger than 5mm and placed in each aluminum chamber. Use disposable 
chambers that can be installed in the Thermosel.  
 
10.3. Preheat the Thermosel to test temperature; unless otherwise noted, 
use the temperature recommended by the sealant manufacturer. 
 
10.4. Place aluminum chamber, including sealant, in the Thermosel 
connected to the viscometer.  
 
10.5. Turn on the viscometer and zero it. 
 
10.6. Allow 5 minutes for sealant to melt. 
 
10.7. Assemble spindle # SC4-27 and attach to a rigid rod; see Note 1. 
 
Note 1—The current hook which is used for asphalt cement may not be 
applied to asphalt binder that contains rubber fillers, which would affect the 
spindle’s rotation. Figures 1 through 3 illustrate the spindle and the rigid rod. 
 
10.8. Allow 20min to stabilize the temperature (no spindle rotation); 
adjust stirring speed of the spindle to 60rpm. 
 
10.9. Start testing, and record the data right after 30sec of stirring. After 
the data is recorded, stop the test, clean the spindle, and remove the aluminum 
chamber.  
 
10.10. Insert the next specimen, and repeat steps 10.4 to 10.9 until four 
replicates are tested for each sealant. 
 
11. CALCULATION OF RESULTS 
11.1. The viscosity is reported as the average of the best three out of four 
readings. The Brookfield viscometer measures the apparent viscosity in 
centipoise. The measured viscosity may be converted to Pascal seconds by 
using the conversion factor 1 cps = 0.001 Pa-s. 
12. REPORT 
12.1. Report the following information: sealant identification and supplier, 
lot number, date received, date of apparent viscosity measurement, 
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recommended pouring temperature, safe heating temperature, and any 
deviations from test temperature.  
 
13. PRECISION AND BIAS 
13.1. Single Operator Precision (Repeatability)—The figure in column 2 
of Table C-1 is the coefficient of variation that has been found to be appropriate 
for the conditions of the test described in column 1. Two results obtained in the 
same laboratory by the same operator using the same equipment in the shortest 
practical period of time should not be considered suspect unless the difference in 
the two results, expressed as a percent of their mean, exceeds the value given in  
Table C-1, column 3. 
 
13.2. Multi-Laboratory Precision (Reproducibility)—The figure in column 
2 of Table C-1 is the coefficient of variation that has been found to be appropriate 
for the conditions of the test described in column 1. Two results submitted by two 
different operators testing the same material in different laboratories should not 
be considered suspect unless the difference in the two results, expressed as a 
percent of their mean, exceeds the value given in Table C-1, column 3.  
 
13.3. The rotational viscometer test is an AASHTO standard method  
(T 316). The reader is referred to the standard method for points of caution and 
details regarding the test method. 
 
13.4. Viscosity data obtained with this test method are used to ensure a 
crack sealant’s apparent viscosity is low enough to fill cracks, and at the same 
time high enough not to flow out of the crack. Ideally, the shear rates during the 
test should match the shear rates a sealant experiences during installation. The 
rotational speed of the spindle was set at 60rpm to resemble field pouring 
conditions. Changing spindle sizes and rotational speeds affects both the shear 
rate and the measured apparent viscosity. 
 
13.5. Data should be collected after a specific rotation time. Excessive 
mixing may cause segregation, especially in the case of rubber-modified sealant. 
 
13.6. Excessive heating may cause volatiles to be lost from the sample 
or polymer chains to be degraded, which leads to a reduction in measured 
apparent viscosity. In general, during testing, the sample should not be heated to 














Range of Three 
Test Results 
Condition (1s%)a (d2s%)a 
Single-Operator Precision:   
Average Viscosity (Pa.s) 1.62 5.4 
Multi-Laboratory Precision   
Average Viscosity (Pa.s) 5.9 16.9 
 
Note 2 — The precision estimates given in Table C-1 are based on the analysis 
of test results from seven sealants with a wide range of rheological properties. 
The data analyzed includes results from seven laboratories that conducted each 
test in four replicates.  
 
Note 3 — As an example, suppose three tests conducted on the same material 
by a single operator yield viscosity results of 3.12Pa.s, 3.05Pa.s, and 3.15Pa.s, 
respectively. The average of these three measurements is 3.11Pa.s. The 
acceptable range of results is then 5.4 percent of 3.11Pa.s, which is 0.17Pa.s. 
Since the greatest difference between any two results is 0.1Pa.s, which is less 
than 0.17Pa.s, the results are within the acceptable range.  
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Figure C-2. Lower opening of 2.5mm to screw the spindle to the rigid rod 
 
 
Figure C-3. Upper opening of 2.5mm to screw the rod to the viscometer head 
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